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Abstract 
 
 
There is growing concern regarding the use of organophosphate esters (OPEs) due to their suspected 
reproductive toxicity, carcinogenicity and neurotoxicity. OPEs are used as flame retardants and 
plasticizers, and due to their extensive application in consumer products, are found globally in the 
environment. The exposure pathways however, are mostly limited to dermal contact with dust, with 
little available data on intake via inhalation and diet. This study aims to assess the sources, fate and 
exposure to OPEs in the Australian population by analyzing the levels of OPEs (and their metabolites) 
in dust, air, food, and human urine samples.  
The production and associated use of OPEs have increased in the last two decades, mainly for use as 
an alternative to  some of the brominated flame retardants that have been regulated and phased out, 
such as polybrominated diphenyl ethers (PBDEs). To investigate the levels of OPEs in the 
environment, the first task in this study was to develop a method to analyze OPEs and PBDEs in 
indoor dust, as dermal contact with dust is considered an important pathway for these chemicals. In 
Chapter 2, we develop a multi-residue method using a two-step SPE sample purification. This enabled 
us to effectively limit co-extracted matrix/interferences, and therefore simultaneously analyse OPEs 
and PBDEs in indoor dust.  
Based on the established method, in Chapter 3 we measured the concentrations of nine OPEs and 
eight PBDEs in samples of indoor dust and air from Australian houses, offices, hotels and 
transportation vehicles (bus, train and aircraft). All target compounds were detected in indoor dust 
and air samples. Median ∑9OPEs concentrations were 40 µg/g in dust and 44 ng/m3 in indoor air, 
while median ∑8PBDEs concentrations were 2.1 µg/g and 0.049 ng/m3. Concentrations of OPEs and 
PBDEs were higher in rooms that contained carpet, air conditioners and various electronic items. 
Daily intakes in adults were estimated to be 14000 pg/kg body weight/day and 330 pg/kg body 
weight/day for ∑9OPEs and ∑8PBDEs, respectively. Our results suggest that for the volatile FRs such 
as tris(2-chloroethyl) phosphate (TCEP) and tris (2-chloroisopropyl) phosphate (TCIPP), inhalation 
is the more important intake pathway compared to dust ingestion and dermal contact. 
Chapter 4 and 5 focus on internal exposure of OPEs in children in Australia using urinary 
concentrations of OPE metabolites. The age trends and potential contribution from breastfeeding were 
investigated in Chapter 4. Concentrations of TCEP, bis(2-chloroethyl) phosphate (BCEP), tris(2-
ethylhexyl) phosphate (TEHP), and dibutyl phosphate (DBP) decreased with age, while 
bis(methylphenyl) phosphate (BMPP) increased with age. The estimated daily intakes via 
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breastfeeding, were 4.6, 26 and 76 ng/kg/day for TCEP, TBP, and TEHP, respectively, and were 
higher than that via air and dust. 
We further assessed the influence of personal behavioral and environmental risk factors to urinary 
concentrations of OPEs and OPE metabolites in Chapter 5, where individual urine samples were 
collected from 51 children in Australia, aged 3 to 29 months. In multivariable modeling, age was 
positively associated with concentrations of bis(2-butoxyethyl) phosphate (BBOEP) and negatively 
associated with concentrations of bis(1-chloroisopropyl) phosphate (BCIPP) and 1-hydroxy-2-propyl 
bis(1-chloro-2-propyl) phosphate (BCIPHIPP). Other non-age related factors, including vacuuming 
frequency, hand-washing frequency and presence and numbers of some electrical appliances in the 
home were also associated with concentrations of OPE metabolites.  
In Chapter 6, levels of OPEs and their metabolites were measured in food samples purchased in 
Australian supermarkets. Four parent OPEs and eight metabolites were detected in > 50% of samples. 
The highest concentrations were found in cereal products. Based on the levels of OPEs in food, air 
and dust, the estimated daily intake of the Australian population was 32 ng/kg body weight. Diet was 
the dominant pathway for TBP, TCEP, and TCIPP, while dermal absorption provided the highest 
contribution of the other OPEs (TDCIPP, TPhP, EHDPP, TMPP, TBOEP, and TEHP). Furthermore, 
our results suggested that the direct intake of OPE metabolites from food was an important pathway 
for OPE exposure. For all target chemicals, except for BCEP/TCEP, the average concentration of 
OPE metabolites was higher than that of their parents across all categories. 
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Chapter 1: Introduction and Objectives 
 
 
 
 
1.1 Flame retardants: from the traditional flame retardants to alternative flame retardants 
Fire in a residential setting can cause a lot of deaths and losses. In Australia alone, in 2012 there were 
3,800 house fires resulting in the loss of 12 lives and causing property damage of more than $97 
million (Metropolitan Fire Brigade 2015). A recent Grenfell tower fire in London, which caused 72 
deaths, was attributed partly to the use of highly flammable cladding. To prevent the occurrence of 
such events, flame retardants, which are added to materials either to prevent combustion or to delay 
the spread of fire after ignition, are widely used to help various materials meet flammability standards 
(Kemmlein et al. 2003). Global demand for flame retardants is projected to expand by 4.6% per year 
to reach a volume of 2.8 million tonnes in 2018 (Israel Chemicals Ltd 2015). 
There are over 175 different flame retardants and they are categorized into four major chemical 
groups: inorganic, organophosphate, halogenated organic, and nitrogen-based compounds (Alaee and 
Wenning 2002). In this PhD project, I focus on the two common groups, halogenated organic and 
organophosphate as their widespread use has raised some concern for public health over the years.  
Brominated flame retardants (BFRs), including polybrominated diphenyl ethers (PBDEs), have been 
widely used for decades. Since the 1970s they were used as either reactive or additive flame retardants 
and were consistently present in various consumer products such as plastics, textiles, television sets 
etc. (Besis and Samara 2012). The global demand for PBDEs has been estimated to be close to 70,000 
metric tonnes in 1999 (Sjödin et al. 2003). There are three major commercial formulations used in 
the market, including Penta-BDE, Octa-BDE, and Deca-BDE (Hites 2004). Due to their high 
production volume, widespread usage and environmental persistence, PBDEs have become 
ubiquitous contaminants in environmental media, biota and humans (Jansson et al., 1987). However, 
in the mid-2000s, the use of PBDEs was restricted to the manufacturing of various types of electronic 
and electrical equipment in Europe in the Restriction of Hazardous Substances Directive (RoHS), and 
Penta-BDE and Octa-BDE were phased out in the United States, due to the concerns regarding their 
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bioaccumulation in human tissues and potential health effects, including thyroid hormone disruption, 
decreased sperm count, and possibly cancer. More recently, Deca-BDE was listed in the Stockholm 
Convention in 2013 (UNEP 2013). This has led to a decrease in the concentrations of BFRs in the 
environment (Dodson et al. 2012), and therefore an increase in the production and use of alternative 
flame retardants over the past few years (van der Veen and de Boer 2012; Butt et al. 2014).  
Organophosphate esters (OPEs) are a group of chemicals that were produced as the replacement of 
BFRs. Several major OPEs and their basic information are listed in Table 1.1. The use of OPEs can 
be tracked back thousands of years, but has increased in the last two decades, due to the production 
and use restrictions placed on BFRs. In 1992, the worldwide usage of OPEs was estimated at 100,000 
tons, approximately 17% of the total flame retardants usage (World Health Organization 1997). The 
global consumption volume of OPEs was estimated to be 186,000 (Marklund et al. 2005a), 210,000 
(Mäkinen et al. 2009) and 465,000 tons (van der Veen and de Boer 2012) in 2001, 2004 and 2006, 
respectively.  
Table 1.1 Acronyms, formula, molecular mass and CAS registry numbers of OPE 
OPEs Acronym Formula Molecular mass CAS 
Tris(2-chloroethyl) phosphate TCEP C6H12Cl3O4P 285.48 115-96-8 
Tris(2-chloroisopropyl) phosphate TCIPP C9H18Cl3O4P 327.57 13674-84-5 
Tris(1,3-dichloroisopropyl) phosphate TDCIPP C9H15Cl6O4P 430.89 13674-87-8 
Tri-n-butyl phosphate TnBP C12H27O4P 266.31 126-73-8 
Tri-iso-butyl phosphate TiBP C12H27O4P 266.31 126-71-6 
Tris(2-ethylhexyl) phosphate TEHP C24H51O4P 434.63 78-42-2 
Tris(2-butoxyethyl) phosphate TBOEP C18H39O7P 398.47 78-51-3 
Triphenyl phosphate TPhP C18H15O4P 326.28 115-86-6 
Trimethyl phosphate TMPP C3H9O4P 140.08 512-561 
2-Ethylhexyl diphenyl phosphate EHDPP C20H27O4P 362.41 1241-94-7 
 
The use of OPEs could be more widespread than PBDEs because apart from the role of flame 
retardants, they can be used as plasticizers and additives in rubbers, textiles, upholstered furniture, 
lacquers, plastics, building materials and electronic equipment (Andresen et al. 2004). Applications 
for each OPE are presented in Table 1.2. 
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Table 1.2 Applications of studied OPEs a 
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reference 
TCEP × ×   ×   ×  (World Health Organization 1998) 
TCIPP × ×        (World Health Organization 1998) 
TDCIPP × ×   ×     (World Health Organization 1998) 
TnBP  × × × × ×  ×  (World Health Organization 1991b) 
TiBP     × ×  ×  (Lanxess Energizing Chemistry 2004) 
TEHP × ×       × (World Health Organization 2000) 
TBOEP × ×  × × ×    (World Health Organization 2000) 
TPhP × × ×  ×  ×   (Tina Organics (P) Ltd 2015; Cosmetics Info 2015) 
TMPP ×  ×  ×   ×  (World Health Organization 1990) 
EHDPP × ×   ×     (National Toxicology Program 2000) 
a: This table is modified from Marklund (2005) 
In general, OPEs are derivatives of phosphoric acid. The various side chains can be either, alkyl, aryl 
or haloalkyl or a combination of these. On this basis, coupled with their different environmental 
behaviour and production volumes, OPEs are classified into different categories: chlorinated alkyl 
phosphate, non-halogenated alkyl phosphate, and non-halogenated aryl phosphate. A summary of the 
physicochemical properties of several OPEs are given in Table 1.3. 
Table 1.3 Physicochemical properties of OPEs (at 25 ℃) 
OPEs 
Boiling 
point 
Melting 
point 
Vapour pressure 
(mm Hg) 
Water solubility  
(mg/L) 
Log Kow 
Half-life 
in air (h) 
Henry’s Law constant 
(atm m3/mole) 
TCEP 351 83 3.9×10-4 7000 1.44 17.5 1.67×10-7 
TCIPP 365 72 5.64×10-5 1200 2.59 8.6 4.69×10-7 
TDCIPP 459 88 2.86×10-7 7.0 3.65 21.3 2.61×10-9 
TnBP 327 65 3.5×10-3 280 4.00 <1 1.66×10-4 
TiBP 302 16 1.3×10-2 16.2 3.60 4.3 2.77×10-4 
TEHP 446 87 6.1×10-7 0.6 9.49 n.a. 2.38×10-2 
TBOEP 434 86 1.2×10-6 1100 3.75 3 3.29×10-7 
TPhP 441 86 4.7×10-7 1.9 4.59 n.a. 1.96×10-7 
TMPP 265 -33 2.0×10-5 <1.0 6.34 n.a. 1.9 ×10-6 
EHDPP 443 87 3.3×10-5 1.9 5.73 n.a. 2.39×10-4 
Among the OPEs, TCIPP, TDCIPP and TBOEP have been suspected to be carcinogenic (World 
Health Organization 1998; van der Veen and de Boer 2012), whereas neurotoxic effects have been 
observed for TCEP, TnBP and TPhP (World Health Organization 1991b, 1991a). TPhP may cause 
allergenic effects and adverse effects on fertility (Stapleton et al. 2009). Further, levels of TDCIPP 
and TPhP in house dust have been associated with altered hormone levels and diminished semen 
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quality in men (Meeker and Stapleton 2010; Meeker et al. 2013a). Also, perinatal exposure to FM 
550, containing TPhP and some other BFRs may result in early puberty, glucose sensitivity, and 
significant weight gain in rats (Patisaul et al. 2013). TPhP and TDCIPP were the most potent actors 
among OPEs on nuclear receptors with dysregulation of the androgen, estrogen, and peroxisome 
proliferator alpha receptor (Fang et al. 2003; Kojima et al. 2013; Pillai et al. 2014). Furthermore, 
hormone levels could be affected by influence on the steroidogenesis and estrogen metabolism (Liu 
et al. 2012). However, the toxicology mechanisms of the other OPEs are not clear, the risk of OPEs 
exposure may increase in the future due to recently increasing production volumes and the lack of 
regulation on them.   
1.2 OPEs: occurrence and levels in the environment 
1.2.1 OPEs in dust 
Due to their vast usage in building materials and consumer products, where they could be released 
out over time through abrasion and weathering, OPEs have been ubiquitously found in the dust of 
various indoor environments. 
The occurrence of OPEs in dust likely depends on the type and amount of furniture, building materials 
and electronic appliances located in the room and the degree of ventilation. For example, Keimowitz 
et al. (2016) found decreased concentrations of OPEs in dust after removal of some old furniture from 
an indoor environment. Also, Araki et al. (2014) and Marklund et al. (2003) found relationships 
between house characteristics (e.g., flooring materials, frequency of window opening, consumer 
products used in the vicinity, etc.) and distribution patterns of OPEs in settled dust.  
Compared to other compounds, it appears that the OPE profile is more heterogeneous among 
countries than any other class of organohalogen compounds. The profile recorded for Belgian dust is 
similar to the profile in other European dust samples, with the abundance rank order as follows: 
TBOEP > TCIPP > TiBP > TPhP > TDCIPP > TCEP > TMPP > TnBP (Van de Eede et al. 2011). 
Other locations showed a significantly different profile. For example, chlorinated OPEs were found 
to be the predominant OPEs in indoor dust in China (He et al. 2015). Such differences in the OPE 
profiles might be caused by different patterns of usage as FR and/or as plasticizers, by the time of 
usage (recent/past application), as well as by the sampling method. 
Chlorinated OPEs have a long history of use and concerns about health effects, particularly cancer. 
TCEP, TCIPP, and TDCIPP are the chlorinated alkyl phosphate analysed in this project. Fig. 1.1 
summarises available data on chlorinated OPEs in dust samples from various indoor environments. 
Dust samples collected in Japan and China had a higher concentration of chlorinated OPEs, with a 
 5 
 
concentration range of 5-50 μg/g (Tajima et al. 2014; Takigami et al. 2009; He et al. 2015). Similar 
concentrations and profiles were found in European countries (i.e. Sweden (Marklund et al. 2003; 
Bergh et al. 2011), Germany (Brommer et al. 2012), Spain (García et al. 2007; Cristale and Lacorte 
2013), Belgium (Van de Eede et al. 2011), and Romania (Dirtu et al. 2012) and USA (Stapleton et al. 
2009; Carignan et al. 2013; Dodson et al. 2012) with a concentration of ~2 μg/g on average. Low 
concentrations were reported in New Zealand (Ali et al. 2012b), Philippines (Kim et al. 2013), 
Pakistan and Kuwait (Ali et al. 2013) and Egypt (Abdallah and Covaci 2014), which could be 
explained by the low usage of OPEs in these countries. 
 
 
Figure 1.1 Median concentrations (μg/g) of chlorinated alky phosphates in indoor dusts from (a) houses; (b) 
offices; (c) hotels; and (d) vehicles (Abdallah and Covaci 2014; Ali et al. 2012a, 2012b, 2013, 2016; Araki et 
al. 2014; Bergh et al. 2011; Brommer et al. 2012; Carignan et al. 2013; Cristale and Lacorte 2013; Dirtu et al. 
2012; Dodson et al. 2012; García et al. 2007; Harrad et al. 2016; He et al. 2015; Kanazawa et al. 2010; Kim 
et al. 2013; Marklund et al. 2003; Meeker and Stapleton 2010; Stapleton et al. 2009; Van den Eede et al. 
2011)  
 
Compared with concentrations of OPEs in homes, dust samples collected from offices have been 
much higher (Abdallah and Covaci 2014; Brommer et al. 2012; Bergh et al. 2011; Carignan et al. 
2013 Marklund et al. 2003), which was attributed to the products and their applications in offices. 
Concentrations of TCEP, TCIPP and TDCIPP were 3.90, 8.90 and 0.91 μg/g in Swedish dust, which 
was collected from offices and commercial buildings, such as hotels (Marklund et al. 2003). Also, 
TCEP, TCIPP and TDCIPP concentrations were 1.03, 3.65 and 4.52 μg/g in Japanese commercial 
hotel dust samples (Takigami et al. 2009) respectively, which was contributed by the material and 
applications in the hotel.   
TDCIPP was the dominant chlorinated OPE in vehicle dust in Germany (Brommer et al. 2012), which 
was much higher than other dust samples (130 μg/g in average), and high TCIPP concentrations were 
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also reported in dust collected from vehicles in Pakistan, Kuwait (Ali et al. 2013) and Egypt (Abdallah 
and Covaci 2014). A different composition was found in aircraft dust in Sweden, which was 
dominated by TCEP (Marklund et al. 2003). 
Non-halogenated aryl phosphates are the second most important group after chlorinated OPEs 
according to production data. TPhP, TMPP, and EHDPP are the dominating non-halogenated aryl 
phosphates worldwide, and available concentrations in dust samples are summarised in Fig. 1.2. 
 
Figure 1.2 Medium concentrations (μg/g) of non-halogenated aryl phosphates in indoor dusts from (a) 
houses; (b) offices; (c) hotels; and (d) vehicles from various countries/studies (Abdallah and Covaci 2014; 
Ali et al. 2012a, 2012, 2013; Araki et al. 2014; Brommer et al. 2012; Bergh et al. 2011; Cristale and Lacorte 
2013; Dodson et al. 2012; García et al. 2007; He et al. 2015; Kanazawa et al. 2010; Kim et al. 2013; 
Marklund et al. 2003; Meeker and Stapleton 2010; Stapleton et al. 2009; Van de Eede et al. 2011) 
 
In residential dust samples, TMPP and TPhP concentrations were comparable between European 
countries (Brommer et al. 2012; Bergh et al. 2011; Cristale and Lacorte 2013; García et al. 2007; 
Marklund et al. 2003; Van de Eede et al. 2011), and were ~1 μg/g on average. USA dust had a higher 
TPhP concentration (7.36 μg/g), but same level of TMPP (Stapleton et al. 2009). China and Kuwait 
were reported to have a low concentration of TMPP and TPhP in dust (He et al. 2015; Ali et al. 2013), 
which was one magnitude lower than Japan (Araki et al. 2014; Kanazawa et al. 2010; Meeker and 
Stapleton 2010). New Zealand (Ali et al. 2012b), Philippines (Kim et al. 2013), Pakistan (Ali et al. 
2012a) and Egypt (Abdallah and Covaci 2014) had extremely low levels of TMPP and TPhP which 
may be a reflection of the low usage in these countries. Few studies reported EHDPP concentrations, 
and in general, the reported data were relatively low and similar for different countries and studies 
worldwide (~0.5 μg/g) (Abdallah and Covaci 2014; Ali et al. 2013; Dodson et al. 2012; He et al. 
2015; Kim et al. 2013) 
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TPhP was the predominant aryl OPE in dust collected from offices (Abdallah and Covaci 2014; Bergh 
et al. 2011; Brommer et al. 2012; Marklund et al. 2003), except for in China, where high TMPP 
concentrations (9.51 μg/g in average) were reported in some e-waste workshops (He et al. 2015). 
Dust in a Swedish hotel had a comparable concentration of TPhP to private houses  (Marklund et al. 
2003), but a different composition was found in a Japanese hotel, where TMPP was higher but TPhP 
was one magnitude lower than the concentration in private houses (Takigami et al. 2009).   
TPhP and EHDPP in vehicle dusts were of the same order of magnitude when compared to homes 
(Abdallah and Covaci 2014; Ali et al. 2013). However, TMPP was reported to be significantly higher 
in transportation (Brommer et al. 2012), especially in aircraft (Marklund et al. 2003). TMPP were 
used in the cockpit and cabin of aircraft (de Ree et al. 2014), and the leakage of engine oil into the air 
conditioning systems during flight had been reported as an important TMPP exposure for airline crew 
members (Schindler et al. 2014).   
Non-halogenated alkyl phosphates, including TnBP, TiBP, TBOEP and TEHP, were also widely used 
and detected worldwide. A summary of non-halogenated alkyl phosphates concentrations in dust is 
shown in Fig. 1.3, where concentrations of TBOEP in dust samples are two orders of magnitude 
higher than other non-halogenated alkyl phosphate in most countries (Brommer et al. 2012; Bergh et 
al. 2011; Cristale and Lacorte 2013; Dodson et al. 2012; García et al. 2007; Marklund et al. 2003; 
Van de Eede et al. 2011). TBP (sum of TiBP and TnBP) concentrations were also high in Belgium 
(Van de Eede et al. 2011) and USA (Dodson et al. 2012). Non-halogenated alkyl phosphate levels 
were low in Pakistan (Ali et al. 2012a), Kuwait (Ali et al. 2013) and Egypt (Abdallah and Covaci 
2014), but high levels were reported in Japan, with the highest concentration of 1,570 μg/g for TBOEP 
(Araki et al. 2014; Kanazawa et al. 2010). 
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Figure 1.3 Medium concentrations (μg/g) of non-halogenated alkyl phosphate in indoor dusts from (a) 
houses; (b) offices; (c) hotels; and (d) vehicles (Abdallah and Covaci 2014; Ali et al. 2012a, 2012b, 2013; 
Araki et al. 2014; Bergh et al. 2011; Brommer et al. 2012; Cristale and Lacorte 2013; Dodson et al. 2012; 
García et al. 2007; He et al. 2015; Kanazawa et al. 2010; Marklund et al. 2003; Van de Eede et al. 2011) 
 
Household products and building materials are considered main sources of OPEs in the indoor 
environment (Ali et al. 2012b; He et al. 2015). Migration of OPEs to the surface of the products and 
release to the indoor dust and air could cause emissions in the indoor environment. In Europe, 
TDCIPP and TCIPP emissions from products into indoor environment were estimated at 15.33 kg/d 
and 89.56 kg/d, respectively (European Union Risk Assessment Report 2008). Because of the 
exchange between indoor and outdoor environment, OPEs will finally be dispersed into outdoor air, 
raising concerns widely even in remote areas (Stapleton et al. 2009).  
1.2.2 OPEs in Air 
In addition to indoor dust, air is another important environmental compartment and is considered as 
a major reservoir of OPEs. Recent studies have been measuring the levels and patterns of OPEs in 
various indoor and outdoor environments and further investigating the emission sources and human 
exposure to OPEs.   
Higher concentrations of ∑OPEs were reported in workplaces compared with concentrations in 
private houses, likely because of the application of consumer products and their stricter fire safety 
standards in workplaces (Marklund et al. 2003, 2005a). Comparable ∑OPE levels (50-84.0 ng/m3, 
62.7 ng/m3, and 58.4 ng/m3) were measured in air samples from plastics factories and workshops 
(Marklund et al. 2005a), a bakery and a newspaper printing press (Staaf and Ostman 2005), and circuit 
board factories (Mäkinen et al. 2009).  
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Due to their mostly low vapour pressure, high concentrations of OPEs in the dust samples were not 
consistently reflected in their concentration in air collected from the same rooms. Several studies 
investigated the association between OPE concentrations in air to their concentrations in settled dust. 
For example in Sweden, a strong correlation between air and dust was reported for TCEP, but 
relationships were poor for TCIPP and TBOEP (Marklund et al. 2005a). Also, significant correlations 
were found between atmospheric concentrations and concentrations in dust for TBP, TCEP, and 
TCIPP (Bergh et al. 2011). These results suggested that the partition equilibrium between the gaseous 
and particulate phases might be more easily achieved for the more volatile OPEs than the less volatile 
ones. 
The OPEs emitted into the indoor environment may eventually reach the outer environment through 
diverse processes such as ventilation, flushing of dust particles during wet cleaning and disposal of 
dust bags at dumpsites (Marklund et al. 2003, Wei et al. 2015), and may be dispersed to remote areas 
via long range atmospheric transport (LRAT) (Möller et al. 2012; Marklund et al. 2005b). The ∑OPE 
concentrations in the outdoor air were detected approximately 1-4 orders of magnitude below indoor 
concentrations. Significantly higher ∑OPE levels were typically reported for outdoor air from 
urbanized locations compared to rural regions. Cheng et al. (2013) have detected OPEs in aerosol 
samples collected in the West Pacific, the Indian Ocean and the Southern Ocean. The highest ∑OPE 
levels were found near populated regions in China, Australia and New Zealand. ∑OPE concentrations 
in the Southern Ocean were approximately two orders of magnitude lower, and ∑OPE concentrations 
in the open sea area of the Southern Ocean without local human activities correlated with ocean gyres 
(2013).   
1.2.3 OPEs in Water 
The ubiquity of OPEs has been reported in waters, with individual concentrations ranging from 
several ng/L to tens of mg/L (Wei et al. 2015). The highest ∑OPE levels were found in raw water 
from a Japanese sea-based solid waste disposal site in which TCEP (4.23-87.4 mg/L) and TCIPP 
(11.3-48.2 mg/L) were the most prominent compounds, followed by TEP (1.33-10.6 mg/L), TBOEP 
(0.85-6.26 mg/L) and TDCIPP (0.68-6.18 mg/L) (Kawagoshi et al. 1999). This pattern agreed with 
the water solubility of these chemicals. For the river water from various countries (USA, Germany, 
Austria, Italy, Spain, South Korea and Japan), the average ∑OPE levels varied from 76 to 2,230 ng/L 
and were mostly characterized by a dominance of TBOEP, chlorinated OPEs and TBP (Cho et al. 
1996; Rodil et al. 2012). The widespread occurrence of OPEs in the river water indicated a high 
persistence of certain OPEs during fluid transport. 
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In seawaters from the Pearl River Estuaries in China, the ∑OPE concentrations ranged from 2,040 to 
3,120 ng/L in the dry season and from 1,080 to 2500 ng/L in the wet season. (Wang et al. 2014). 
∑OPE concentrations in seawater collected from the North Atlantic and the Arctic were significantly 
lower with the range of 0.348 to 8.396 ng/L (Li et al. 2017). However, concentrations of ∑OPE in 
river water were significantly higher than that in seawaters.  
1.2.4 OPEs in Sediment and soil 
In sediment samples, OPE concentrations varied significantly. Extremely high levels were detected 
at 7.46-17.9 and 22.7-33.8 mg/g for sediments collected in Norway (Green 2008). However, 
concentrations two orders of magnitude lower were reported in other countries  (Ricking et al. 2003; 
Stachel et al. 2005; Martínez-Carballo et al. 2007; Cristale and Lacorte 2013; Chung and Ding 2009; 
Cao et al. 2012), suggesting that diffusive sources such as dry and wet deposition played an important 
role in the distribution of OPEs in these sediments.  
For soils in Nepal, ∑OPE concentrations ranged from 25 to 27,900 ng/g dw. TMPP was the most 
abundant and accounted for 35-49 % of ∑OPE. The fugacity fraction was very close to one, which 
indicated a strong inﬂuence of soil contamination on atmospheric levels of OPEs via volatilization 
(Yadav et al. 2018). In Germany, the concentrations of OPEs varied between <0.6 and 18.2 ng/g dw 
(TCEP), 0.59 and 8.33 ng/g dw (TCPP), and <0.2 and 13 ng/g dw (TBEP), respectively, which were 
considered as the result of atmospheric deposition (Fries and Mihajlović 2011). 
1.2.5 OPEs in Biota 
Several studies are available on OPE occurrence in biota samples. TCIPP, TPhP, and TCEP were the 
major compounds in fish from background lakes (no known sources around) and marine areas, but 
EHDPP (14,000 ng/g lipid weight, l.w.) was dominant in marine eelpout samples, suggesting that 
OPE levels were likely influenced by local sources (Sundkvist et al. 2010). Extremely high 
concentrations of OPEs, including TBOEP (1,647-8,840 ng/g l.w.), TCEP (82.7-4,690 ng/g l.w.) and 
TnBP (43.9-2,950 ng/g l.w.) were found in fish from the Pearl River in China (Ma et al. 2013), likely 
due to the high levels of TBOEP, TCEP and TnBP in the water and the high bioccumulation factor 
for TBOEP (1.08×103) and TnBP (1.03×103). Also, TBOEP and TPhP were reported at <LOD-39 
ng/g l.w. and 2.1-8.2 ng/g l.w. in herring gull eggs collected from the Great Lakes in US (Letcher et 
al. 2011). 
1.2.6 Temporal trends on OPEs in environment: evidence on the replacement of PBDEs 
As PBDEs are phased out of products in the market, there is a declining trend of PBDEs in the 
environmental matrices worldwide. In a long-term air monitoring project in the Canadian Great Lakes 
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Basin, air samples were collected during 2005-2014, where declining trends with half-lives in the 
range of 2-16 years are observed for the PBDEs (Shunthirasingham et al. 2018). This is consistent 
with studies conducted by Liu et al. (2016), which found decreasing trends of PBDEs  in outdoor air 
in USA. In Europe, temporal trends of PBDEs were investigated by Baltic ringed seal (Pusa hispida 
bitnica) from 1974 to 2015 (Bjurlid et al. 2018). The concentration of PBDE increased until around 
2000, after which the concentration started to decrease.  
By contrast, the concentration of some OPEs (i.e. TBOEP, TCIPP, and TCEP) in gull egg in the Great 
Lakes were increasing in the early 2000s (Greaves et al. 2016). A significant annual increase of TPhP 
by 109% was found in Canadian Arctic air samples from 2007 to 2013, although concentrations of 
the other OPEs did not change significantly over time (Sühring et al. 2016).  
The decreasing trends of PBDEs after 2000 suggested that regulatory efforts to reduce emissions of 
PBDEs to the environment have been effective. However, only a limited number of studies reported 
increasing trends of OPEs after 2000, suggesting that they might have been used as a replacement for 
PBDEs. 
1.3 Intake of flame retardants from environment 
Because of the frequent occurrence of OPEs in the dust, air, water, sediment and its accumulation in 
biota samples, humans are exposed to these pollutants with potential health effects via dust ingestion, 
dermal contact with dust, inhalation and diet (Fig. 1.4).  
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Figure 1.4 Major pathways of OPE exposure in an indoor environment 
1.3.1 Dust Ingestion 
Ingestion exposure can occur via the intentional or inadvertent ingestion of dust via hand-to-mouth 
activity, especially for young children. The intake of OPE via dermal contact with dust can be 
estimated based on the OPE levels in dust, ingestion rates of dust and specific time-activity patterns 
in different microenvironment as described in Eq. (1.1) (Tajima et al. 2014): 
Intake=Cdust × DIG / m × 1000                                                                          (eq. 1.1) 
where Cdust is the dust concentration for each OPE (ng/g), DIG is an estimated dust ingestion rate 
(mg/day), and m is the body weight (kg). Absorption of intake was assumed as 100% (Jones-Otazo 
et al. 2005), and dust ingestion rate was estimated from Eq. (1.2) (Wilson et al. 2013). 
DIG = DSL × FTSS × SAhand × FSAfingers × FQ × SE × ET                                  (eq. 1.2) 
where DSL = dust surface load on horizontal surface (mg/cm2) (hard surface 0.052 and soft surface 
0.139). FTSS = Fraction of dust transferred from surface to hand (unitless) (hard surface 0.7 and soft 
surface 0.14). SAhand = Surface area of one hand (cm
2) (toddlers 215 and children 295). FSAfingers = 
Fractional surface area of the hands (unitless), which was reported of 0.07. FQ = Frequency of hand 
to mouth events (toddlers 16 and children 9.1). SE = Saliva extraction factor (unitless), which was 
reported as 0.5. ET = 24/h/day - time outdoors - sleeping time. 
Alternatively, US EPA suggested an easier way to estimate human exposure of contaminants via dust 
ingestion assuming children ingest on average approximately 100-200 mg dust/day, while adults 
ingest about 20-50 mg dust/day (Stapleton et al. 2009). In Belgium, using the simplified estimation 
method, the high-end exposure to ∑OPE for workers, non-working adults, and toddlers were 
estimated at 6.6, 6.6 and 128 ng/kg bw/d, respectively (Van den Eede et al. 2011). With respect to 
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time-activity patterns; adults were assumed to spend 4.2% in cars, 23.8% in offices, and the rest of 
the day at home. The estimated typical (median concentrations were used) exposures to ∑OPE were 
5.6 and 1.6 ng/kg bw/d for German children and adults respectively (Brommer et al. 2012). The 
typical high-end exposure to ∑OPE were calculated as 0.19 and 2.99 for adults living in Egypt and 
New Zealand, respectively (Ali et al. 2012b, Abdallah et al. 2014).  
Hydraulic fluids and turbine oils contain OPE like TMPP isomers, TPhP and TBnP from very low to 
high percentages. Schindler et al. (Schindler et al. 2014) carried out a pilot study to determine if 
aircraft maintenance technicians are exposed to relevant amounts of OPEs. Pre- and post-shift values 
of TBnP metabolites and TPhP metabolites were statistically higher than in a control group from the 
general population. No TMPP metabolites were detected. Though there was a difference between pre- 
and post-shift concentration of urinary metabolites, the internal burden was about three magnitudes 
lower than the threshold limit value. Therefore, the study concluded that no adverse health effects 
due to exposure OPEs are expected for the technicians.   
Although most reported exposure through dust contact were well below the RfD value, caution is 
required given the likely increase in the use of these OPEs in the future and the contribution to human 
exposures by other pathways. 
1.3.2 Dermal contact with dust 
Dermal exposure can result from skin contact with contaminated environmental media, including 
water, sediment, and dust. Described by Fick’s Law of Diffusion, flux, or the amount of contaminant 
across a homogeneous membrane is proportional to the concentration difference between the 
membrane outer surface and the membrane inner surface and inversely proportional to the thickness 
of the membrane (ExpoBox 2018). Daily intakes via dermal contact with dust can be estimated based 
on eq. 1.3. (Johnson-Restrepo and Kannan 2009) 
Intake (μg/kg/day) = Cdust×BSA×SAS×AF×Fw/h/t/o / (BW×1000)                                (eq. 1.3) 
where BSA is the body surface area (cm2/day); SAS is the soil adhered to skin (mg/cm2); AF is the 
fraction of chemicals absorbed by the skin, which could be determined by the absorption of pollutants 
in vitro and in vivo from soil/dust into and through skin; Fw/h/t/o is the respective fraction of day spent 
at workplace/home/transport/outdoor. 
Dermal contact with dust has a higher contribution to OPE exposure than dust ingestion. In Nepal, 
the estimated daily intake of ∑OPEs were 45.22 ng/kg bw/d and 16.8 ng/kg bw/d for children and 
adults, respectively, which is 14-51 times higher than that from dust ingestion (Yadav et al. 2017). 
This is slightly different to a Norwegian study where intake via dust ingestion (144 ng/kg bw/d) is 
higher than that via dermal contact with dust (108 ng/kg bw/d), while intake via dermal contact (23 
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ng/kg bw/d) has a greater contribution than dust ingestion (16 ng/kg bw/d) for adults (Cequier et al. 
2014). Similar to dust ingestion, children are more prone to exposure to OPEs via dermal contact with 
dust than adults. When the estimated exposure of individual OPEs for both children and adults were 
compared with healthy-based reference dose (RfD) value from Ali et al. (2012), they were 3-4 orders 
of magnitude lower than the RfD values. 
1.3.3 Inhalation 
Human intake of contaminants via inhalation can be estimated by the eq. (1.4) (Harrad et al. 2004) 
∑exposure = [(CwFw) + (ChFh) + (CoFo)] × RR                                    (eq.1.4) 
Where ∑exposure is the daily adult human exposure via inhalation (ng/day); Cw/h/o is the analyte 
concentration in workplace/home/outdoor air, respectively (ng/m3); RR is the respiration rate (20 
m3/d). 
Due to the differences in physico-chemical properties of individual OPEs, the contribution of human 
intake from inhalation varies. For example, estimated intakes of more volitile OPEs, i.e. TnBP, and 
TCIPP, were higher than that from dust ingestion, while for the less volitile OPEs, dust ingestion was 
the major pathway in Norway (Cequier et al. 2014). Similarly, intake of chlorinated OPEs via the 
inhalation exposure route was estimated to exceed intake via dust ingestion in US (Schreder et al. 
2016). Exposure via inhalation was estimated at 2.1, 4.5, and 31.3 times that from dust ingestion for 
TDCIPP, TCEP, and TCIPP, respectively. Children have a higher intake of OPEs via inhalation, due 
to a lower body weight. Daily intakes of ∑OPEs were 3.7 and 0.98 ng/kg bw/d for toddlers and adults 
respectively in Nepal (Yadav et al. 2017).  
1.3.4 Food ingestion 
Dietary intake of OPEs was considered to be a comparable pathway to dermal conduct with dust, 
although there are only a few studies reporting the concentrations of OPEs in foodstuffs (Xu  et al. 
2015; Brandsma et al. 2015; Xu et al. 2017; Ding et al. 2018; Zhang et al. 2016).  
Assuming a 100 % ingestion rate of OPEs by humans, dietary intakes of EHDPP was a more 
important pathway than inhalation and dust ingestion, with a median intake of 73 ng/kg bw/day. This 
was determined by analysing 24 h diet samples collected from 61 participants in a Norwegian cohort 
(Xu et al. 2017). In terms of different food items and food groups, cereals were identified as the major 
contributor to total OPEs, and the mean dietary intakes of OPEs for adults ranged from 2.4 to 47 
µg/day (Ding et al. 2018; Zhang et al. 2016). The dietary intakes of individual OPEs were 2-3 orders 
of magnitude lower than the healthy-based reference doses (Ding et al. 2018; Zhang et al. 2016; Xu 
et al. 2017). 
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1.4 OPEs in humans: using OPE metabolites as biomarkers to estimate exposure to OPEs 
1.4.1 Metabolism  
Although toxicokinetic information on OPEs is limited, studies using rat and human liver microsomes 
suggest that OPEs are rapidly metabolized to diesters and other metabolites (Van den Eede, Erratico, 
et al. 2015; Van den Eede, Maho, et al. 2013). Several studies reported potential metabolites for OPE 
parent compounds (shown in Table 1.4). We chose several main metabolites of each parent compound 
to investigate their potential metabolism in human.  
Targeted metabolites have been detected by some other researchers (Dodson et al. 2014; Van den 
Eede, Heffernan, et al. 2015; Schindler et al. 2014). These could be considered as the major 
metabolites and could be used to estimate OPE levels in humans.  
Some metabolisms have been observed in in-vitro studies. When incubated with human liver S9 
fraction, BCEP, BCIPP, BDCIPP, and DPhP are main metabolites for TCEP, TCIPP, TDCIPP and 
TPhP, respectively. Main TBOEP metabolites were products of O-dealkylation and hydroxylation. 
Metabolites included BBOEP, BBOEHEP, and 3HO-TBOEP (Van den Eede, Maho, et al. 2013; Van 
den Eede, Erratico, et al. 2015). Also, because of the low clearance rate in in vitro studies, some 
parent compounds, such as TCEP, should be added as a target for biomonitoring (Van den Eede, 
Maho, et al. 2013).  
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Table 1.4 Parent OPEs and target metabolites  
Parent 
compound 
Targets in this 
study 
Other screened metabolites 
TCEP BECP TCEP 
TCIPP 
BCIPP 
BCIPIPP 
bis (1-chloro-2-propyl) hydroxy-1-chloro-2-propyl phosphate 
TDCIPP BDCIPP 
(1,3-dichloro-2-propyl) (1-chloro-3-hydroxy-2-propyl) phosphate 
bis (1,3-dichloro-2-propyl) (1-chloro-3-hydroxy-2-propyl) phosphate 
bis (1,3-dichloro-2-propyl) (glutathionyl-1-chloro-2-propyl) phosphate 
TPhP DPhP 
diphenyl hydroxyphenyl phosphate 
diphenyl sulfophennyl phosphate 
hydroxphenyl phenyl phosphate 
diphenyl glucuronide-o-phenyl phosphate 
diphenyl dihydroxyphenyl phosphate 
hydroxyphenyl phenyl phosphate 
HO-DPhP 
TMPP BMPP  
EHDPP DPhP  
TnBP DnBP  
TiBP DiBP  
TEHP BEHP  
TBOEP 
BBOEP 
BBOEHEP 
3HO-TBOEP 
bis (2-butoxyethyl) hydroxy-2-ethyl phosphate 
(2-butoxyethyl),(2-hydroxyethyl) phosphate 
bis (2-butoxyethyl),(2-glucuronide-O-ethyl) phosphate 
bis (2-butoxyethyl),(2-carboxyethyl) phosphate 
bis (2-butoxyethyl),(4-carboxyethyl-2-ethyl) phosphate 
bis (2-butoxyethyl),(2-butixy-2-en-ethyl) phosphate 
(hydroxy-2-butoxyethyl),(2-butoxyethyl),(2-hydroxyethyl) phosphate 
1.4.2 Concentration of OPEs and metabolites in human samples (urine, blood, and breastmilk) 
Several recent studies have observed nearly ubiquitous detection of OPE diester metabolites in adult 
urine (Cooper et al. 2011; Van den Eede, Neels, et al. 2013; Hoffman et al. 2014), indicating that 
these compounds are useful biomarkers of OPE exposure (Butt et al. 2014).  Many researchers have 
been looking for some biomarkers of OPEs that can be measured in blood or urine to assess the human 
health risk. For example, exposure to TDCIPP and TPhP were characterized by measuring BDCIPP 
and DPhP, which were considered as their primary metabolites (Carignan et al. 2013; Hoffman et al. 
2014; Meeker et al. 2013b). The median concentration of BDCIPP was 0.4, 0.12, and 1.3 ng/mL in 
workers, men, and pregnant women, respectively, while DPhP was 0.27 and 1.9 ng/mL in men, and 
pregnant women in the US (Carignan et al. 2013; Hoffman et al. 2014; Meeker et al. 2013b).  Butt 
(2014) compared several OPE metabolites in paired mothers and toddlers in the US. Concentrations 
of BCIPP, BDCIPP and DPhP were <0.12-0.64, 0.37-11.0, and <0.18-68.7 ng/ml in mothers’ urine, 
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and <0.12-0.46, 0.89-251, and 0.68-140 ng/ml in toddlers’ urine. Children have higher exposure to 
BDCIPP and DPhP. In children, some predictors of hand-mouth exposure were associated with 
urinary BDCIPP and DPhP levels, while the presence and number of foam-containing furniture items 
in the house were not associated with urinary levels of BDCIPP and DPhP in either children or adults. 
OPEs were detected in human breast milk in several studies. The concentrations of OPEs in breast 
milk were generally 1-3 orders of magnitude higher than the concentrations of PBDEs (Lind et al. 
2003). In samples collected from Swedish women, ∑OPEs concentrations ranged from 46.0 to 180 
ng/g lw, and TCIPP and TnBP were the most frequently detected analytes (Sundkvist et al. 2010). In 
addition, the concentration of OPEs in human breast milk were significantly higher in the Philippines 
than those in Japan and Vietnam, and in these countries, daily intake of OPEs to infants via 
breastfeeding were close to reference doses for some individuals including TBOEP and TCEP (Kim 
et al. 2014). 
Several studies reported the presence of OPE in blood samples. Shah (2006) detected TPhP and TnBP 
in plasma samples, but TPrP and TCEP were not detected due to higher LODs. Also, TPhP and 
EHDPP were detected at concentrations of 0.053-0.13 μg/g and 0.73-1.2 μg/g plasma by a Swedish 
study, but the primary source of the OPEs was found to be the whole blood collection bag system 
(Jonsson and Nilsson 2003). Until now, no data is available for OPE metabolites in human blood, 
probably due in part to relatively high LODs. 
1.4.3 Relationship between dust and human urine 
BDCIPP concentrations in urine were moderately but significantly correlated with TDCIPP 
concentrations in house dust in the US. Thus, house dust may be a significant source of exposure to 
TDCIPP. However, there was no correlation between TPhP in house dust and DPhP in urine. This 
suggested that TPhP in house dust might not be a primary source of exposure. The difference between 
TPhP and TDCIPP may be explained by their differences in indoor application or vapor pressures. In 
addition, other chemicals could also be metabolized to DPhP, and humans might be exposed directly 
to DPhP if DPhP is widely used in other applications (Meeker et al. 2013b). Carignan (2013) also 
reported some evidence of the positive trend between urinary BDCIPP and TDCIPP in the dust, and 
this relationship may be related to the time of urine samples collection and hand-washing frequency.   
Dodson et al. (2014) reported weakly positive but nonsignificant correlations between the metabolites 
and parents (including BDCIPP/TDCIPP and BCEP/TCEP) in Californian adults. However, no 
relationships could be found between metabolites-parent pairs for TCIPP, TPhP, EHDPP, TnBP, and 
TBOEP. This could be a result of 1) not analyzing the appropriate metabolites; 2) low detection 
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frequencies; 3) shorter exposure period for urine & dust; 4) contribution of other exposure routes; for 
example, uses of these chemicals other than as flame retardants, and/or 5) lack of statistical power. 
1.5 Thesis objectives 
This project aims to assess sources, fate, and exposure to organophosphate esters in the general 
population. To achieve this aim, the study will include a range of specific subprograms which include: 
 Establishment of analytical methods for analysing OPEs and their metabolites in a wide range 
of matrices including dust, air, water, food, blood, breast milk and urine 
 Measurement of OPEs in indoor air and dust from different microenvironment Australia 
 Evaluation of OPE and metabolite concentrations in food 
 Estimation of OPE intake in the Australian population from different exposure pathways 
 Assessment of levels of OPE metabolites in urine collected from young children of the 
Australian population, and, 
 Identification of the behavioural and environmental factors influencing OPE exposure in 
young children 
1.6 Thesis structure 
Chapter 1 provides a general overview of occurrence of OPEs in the environment and their health 
risks to humans. I also described the methods used to estimate chemicals exposure pathways . This 
allows the assessment of human exposure to flame retardants. In Chapter 2, I developed a new multi-
residue method for analysing PBDEs and OPEs in dust, whose precision and repeatability were then 
assessed. This method was later applied in Chapter 3, where I reported the concentrations of PBDEs 
and OPEs in indoor dust and air collected from different micro-environments in Australia, and the 
estimated daily intake of PBDEs and OPEs via inhalation, dust ingestion and dermal contact with 
dust. Chapter 4 provides results for the concentrations of OPEs and OPE metabolites in Australian 
children aged 0-5 years old. The age trends and breastfeeding contributions of OPEs and OPE 
metabolites were also assessed. I further investigated the association of concentrations of OPE 
metabolites with children’s behaviour and environmental factors in Chapter 5. Chapter 6 provides 
results for the first dietary analysis study on both OPEs and OPE metabolites across 8 major food 
groups. Using this dataset, as well as the Australian dietary survey data, I estimated the intake of 
OPEs and OPE metabolites through diet for the Australian population. Lastly, Chapter 7 summarises 
the results of all the completed works and discusses potential future research directions. 
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Chapter 2: Development and validation of a multi-residue method for the analysis of 
brominated and organophosphate esters in indoor dust 
 
 
 
 
As outlined above, high detection frequencies and high concentrations of both BFRs and OPEs were 
reported in indoor dust which is an important route of exposure. This has led to an increased interest 
in levels and distributions of BFRs and OPEs in indoor dust. However, current methods usually 
analyse BFRs and OPEs separately, and there was no purification method for OPE fractions. This 
may potentially compromise method sensitivity. For this chapter, a multi-residue method was 
developed, which enabled us to simultaneously analyse PBDEs and OPEs in dust. The precision and 
accuracy were then assessed by inter-day and intra-day variations in measured concentration of the 
target compounds in duplicated dust samples and SRM 2585. Compared with previous studies, our 
new purification approach significantly enhanced the sensitivity of the method and consequently 
lowered the LODs of the method. The method was then applied to dust SRM and real dust samples, 
where a good agreement with certified or indicative results was found.  
 
 
 
 
The following publication is incorporated as Chapter 2: 
 
Development and validation of a multi-residue method for the analysis of brominated and 
organophosphate flame retardants in indoor dust. Talanta, 164 503-510. 
doi:10.1016/j.talanta.2016.10.108 
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Abstract:   
Flame retardants are associated to numerous adverse health effects, can accumulate in humans and 
have been used intensively worldwide. Recently, dust has been identified as a major human exposure 
route for flame retardants. The aim of this study was to develop a multi-residue method using a two-
step SPE purification. It enabled us to effectively limit co-extracted matrix/interferets and therefore 
a simultaneous analysis of brominated and organophosphate flame retardants for indoor dust was 
achieved. The optimized method was validated according to standard protocol and achieved good 
accuracy and reproducibility (percent error ranged from -29% to 28%). Standard Reference Material 
(SRM) for dust was also analysed, and good agreement was found with reported brominated and 
organophosphate flame retardants (OPEs) concentrations. The applicability of the validated method 
was demonstrated by the analysis of ten indoor dust samples from ten Australian homes. Overall 89% 
of the analytes were detected in these samples. The average concentrations of ∑OPEs and ∑PBDEs 
in those samples were 41 and 3.6 μg/g, respectively. Tris(2-butoxyethyl) phosphate and tris(2-
chloroisopropyl) phosphate were the most abundant OPEs, accounting for 57-92% ∑OPEs, while 
decabromodiphenyl ether dominated the Polybrominated diphenyl ethers (PBDE) congeners 
contributing between 71-94% to the ∑PBDEs. 
 
Keywords: Polybrominated diphenyl ethers (PBDEs); organophosphate flame retardants (OPFRs); 
indoor dust; solid phase extraction; GC-MS/MS; Envi-Carb SPE. 
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2.1 Introduction 
Flame retardants are widely used industrial chemicals that are added in plastics, textiles and electronic 
circuitry to meet flammability standards worldwide (Kemmlein et al. 2003). Brominated flame 
retardants (BFRs), including polybrominated diphenyl ethers (PBDEs) have been widely used for 
decades. However, concerns regarding the bioaccumulation in human tissues and potential adverse 
health effects of PBDEs have resulted in their phase-out in some countries, leading to an increase in 
the production and use of alternative flame retardants, including OPEs (van der Veen and de Boer 
2012; Butt et al. 2014). Global demand for flame retardants is projected to increase by 4.6% per year 
until 2018 to reach a volume of 2.8 million tonnes (Israel Chemicals Ltd. 2015). The OPEs account 
for 20% of total flame retardant usage in Europe (van der Veen and de Boer 2012), and are expected 
to have the fastest market gains by 2018 (Israel Chemicals Ltd. 2015). 
Both BFRs and OPEs have been detected in various environmental matrices (Wang et al. 2007; Wei 
et al. 2015). High detection frequencies and high concentrations of both BFRs and OPEs were 
reported in indoor dust which is an important route of exposure, especially for children, since their 
more frequent hand-to-mouth contact and close-to-ground behaviour could lead to higher amount of 
dust ingestion, and their lower body weigh results in a higher daily exposure (Cristale et al. 2016). 
This has led to an increased interest in levels and distributions of BFRs and OPEs in indoor dust 
(Stapleton et al. 2005; Harrad et al. 2006; Stuart et al. 2008; Brommer et al. 2012). Thus, a method 
capable of simultaneously analysing OPEs and BFRs in dust is required.  
Typically, PBDEs and OPEs are analysed using separate methods. For PBDEs determination, dusts 
are commonly extracted using Soxhlet apparatus, ultra-sonication, accelerated solvent extraction 
(ASE) or microwave-assisted extraction (MAE), and purified by sorbents, such as silica gel, alumina 
or florisil, before instrumental analysis by gas chromatography-mass spectrometry (GC-MS) (Covaci 
et al. 2003). For example, Harrad et al. (2008) presented a method for 8 PBDEs in dust using ASE 
extraction, florisil purification, and GC-EI-MS analysis, where they reported method detection limits 
(MDLs) around 0.03 ng/g. Similarly methods for OPEs analysis include ultra-sonication (Fan et al. 
2014; Van den Eede et al. 2011) or Soxhlet extraction (Möller et al. 2011; Salamova et al. 2014), 
purification steps using solid phase extraction (SPE) (Van den Eede et al. 2011, 2015; Meeker and 
Stapleton 2010), and GC-MS (Van den Eede et al. 2013) or liquid chromatography-mass spectrometry 
(LC-MS) (Van den Eede et al. 2015). For example, a method involving an ultra-sonication and vortex 
extraction, florisil clean-up and GC-MS analysis was developed by Van den Eede et al. (2011), which 
provided low MDLs for 10 OPEs (20-500 ng/g). 
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Recently several multi-residue methods combining PBDEs and OPEs, and some typical analytical 
methods for OPEs are summarized in Table S1.1. Van den Eede et al. (2012) reported a multi-residual 
method using ultrasonic extraction, coupled with a two-stage SPE clean-up procedure for 
simultaneous analysis of PBDEs and OPEs. After the fractionation, PBDEs were purified by acidified 
silica gel, but no further clean-up procedure for OPEs. The limits of quantitation (LOQs) were 0.04-
17 ng/g for PBDEs, and 10-370 ng/g for OPEs. In most proposed methods, many matrix interferents 
were co-extracted and co-eluted along with PBDEs and OPEs due to the inherent complexity of dust, 
even after an additional pre-cleanup by florisil (Wille et al. 2012; Farré et al. 2012; Ionas and Covaci 
2013). Such interferences could possibly lead to an increase in the background in the mass spectrum, 
decrease instrumental selectivity and sensitivity, and in addition contaminate the GC system. To avoid 
such issues, some studies report dilution of the OPE fraction, which consequently decreased the limits 
of detection (LODs) for most of the compounds of interest (Mercier et al. 2014; Cristale and Lacorte 
2013). 
Therefore, this study aimed to develop a multi-residue method for an efficient and reliable extraction, 
purification and the simultaneous analysis of 8 PBDEs and 11 OPEs using GC-MS techniques. The 
optimisation of the purification of the dust extracts was assessed by testing 5 solid phase extraction 
adsorbents. The determination of OPEs and most PBDEs was performed by gas chromatography 
triple quadrupole mass spectrometry (GC-QqQ-MS/MS) and BDE 209 was determined by gas 
chromatography mass spectrometry. The method was fully validated through the evaluation of 
recoveries, linearity, LOD & LOQ, and precision. Method accuracy and applicability was tested for 
a SRM (SRM 2585) and real dust samples collected from Australian indoor environments. Our study 
for the first time reports the extraction and clean-up for the simultaneous analysis of OPEs and 
PBDEs, which also meets the clean-up requirement for GC-MS. 
2.2 Materials and methods 
2.2.1 Chemicals 
A mixed solution of PBDE congeners (BDE 28, 47, 99, 100, 153, 154, 183, and 209) was purchased 
from AccuStandard Inc (New Heaven, CT, USA). Tris(2-chloroethyl) phosphate (TCEP), tris(1,3-
dichloroisopropyl) phosphate (TDCIPP), tripropyl phosphate (TPrP), tri-n-butyl phosphate (TnBP), 
tri-iso-butyl phosphate (TiBP), tris(2-ethylhexyl) phosphate (TEHP), tris (2-butoxyehyl) phosphate 
(TBOEP), triphenyl phosphate (TPhP), tri-cresyl phosphate (TMPP) standards were purchased from 
Sigma Aldrich (St Louis, MO, USA), tris(2-chloroisopropyl) phosphate (TCIPP) were purchased 
from Dr. Ehrenstorfer (Augsburg, Germany), 2-ethylhexyl diphenyl phosphate (EHDPP) were 
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purchased from AccuStandard.  13C-PBDE mixture solution and 13C-BDE 209 were purchased from 
Wellington Laboratories Inc (Guelph, ON, Canada), TCIPP-d18, TnBP-d27 and TPhP-d15 were 
purchased from Cambridge Isotope laboratories, Inc (Andover, MA, USA). 
StrataTM empty SPE tube (12 cc), StrataTM W-AX (100 mg/3 mL) and StrataTM FL-PR (500 mg/3 
mL) cartridges were obtained from Phenomenex (Torrance, CA, USA), Oasis® HLB (6 cc, 1500 mg) 
and SuplecleanTM Envi-Carb (0.25 g/3 mL) were obtained from Waters (Milford, MA, USA) and 
Supleco (Bellefonte, PA, USA), respectively. Dust SRM 2585 (Organic Contaminants in House Dust) 
was purchased from National Institute of Standards and Technology (NIST, Gaithersburg, MD, 
USA). All solvents were of liquid/gas chromatography grade. Acetone, n-hexane, dichloromethane 
(DCM) were purchased from Merck (Darmstadt, Germany), while ethyl acetate (EtAc) was purchased 
from Fisher Scientific (Fair Lawn, NJ, USA). Ultra-pure water was obtained from a Milli-Q filtration 
unit (Merck Millipore, MA, USA). Hydromatrix was purchased from Agilent Technologies (Santa 
Clara, CA, USA). Silica gel (40 – 63 μm, Sigma Aldrich) and alumina (150 mesh, Sigma Aldrich) 
were activated (at 140 ºC and 180 ºC, respectively) and deactivate (with 3% and 6% Milli-Q water, 
respectively) before use. Sodium sulphate anhydrous (AR grade, Fisher Scientific) was baked at 400 
ºC, and then stored in desiccator. 
2.2.2 Standards and Internal standards 
Stock individual solutions (>100 ng/μL) of OPEs and PBDEs were prepared in methanol and toluene, 
respectively, and stored at -20 ºC in amber glass vials. Working solutions of native OPE (1 ng/ μL) 
and PBDE (500 pg/μL for BDE 209, and 50 pg/μL for other congeners) were prepared in methanol 
and isooctane respectively. Internal standards (100 pg/μL) were prepared from isotopically-labelled 
compounds in the same solvents of native standards. Working standards were stored at 4 ºC in amber 
glass vials. Carbon-13 labelled PBDE congeners were used for PBDE quantification, while deuterated 
TnBP, TCIPP, and TPhP were used for all OPEs. Internal standard used for each compound was 
given in Table S1.2.  
2.2.3 Dust sampling 
Dust samples were collected in Brisbane Australia, from January to March 2015, using a clean nylon 
sampling sock that was inserted into the entry hose of a vacuum cleaner. Dust was vacuumed typically 
along the edges of walls where it naturally gathers. The dust from living areas, and bedroom areas 
was combined into a single sample to gain an overall dust profile of the investigated home. The 
sampling sock was sealed in a zip lock bag. The dust samples were sieved using a pre-cleaned 1 mm 
mesh sieve to remove larger particles and to ensure the homogeneity of the sample. For this project, 
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all the samples have been collected with ethics approval from University of Queensland (approval 
number: 2015000153). 
House dust from a private house was collected to generate quality control samples. The dust was 
spiked with native chemicals at two different levels, to create a low-concentration (QCL) (10 μg/g 
for TBOEP, 1.0 μg/g for other OPEs, 5.0 μg/g for BDE 209, and 0.5 μg/g for other PBDEs) and high-
concentration (QCH) samples (50 μg/g for TBOEP, 5 μg/g for other OPEs, 25 μg/g for BDE 209, and 
2.5 μg/g for PBDEs). 
2.2.4 Optimized sample preparation 
Optimized sample preparation is shown in Fig. 2.1. Weighed dust samples (100 mg) were placed into 
33 mL ASE cells and spiked with internal standards (1.0 ng 13C12-PBDE mixture, 30 ng 
13C12-BDE 
209, 10 ng TCIPP-d18, 10 ng TPhP-d15 and TnBP-d27). Samples were extracted using 73 mL n-
hexane and acetone mixture (1:1, v:v) on a Thermo ScientificTM DionexTM ASETM 350 system. The 
ASE program parameters were: temperature 100 °C, pressure 1500 psi, 3 static cycles of 5 min, flush 
volume 60% and purge time 120 s. The extracts were blown down to 1 ml before purification on a 
self-packed silica gel and alumina cartridge (containing, from bottom to top, frit, deactivated neutral 
alumina 3.0 g, deactivated neutral silica gel 2.5 g, and Na2SO4 2.0 g, frit). The adsorbents were 
conditioned with 20 mL n-hexane:DCM mixture (1:1, v:v), EtAc 20 mL and then 50 mL n-hexane 
and DCM mixture, respectively. Once the samples were quantitatively transferred to the column, n-
hexane and DCM mixture was added. The first 4 mL eluent was discarded, and the following 42 mL 
was collected into Fraction 1 (F1). Finally, the column was eluted with 24 mL EtAc and collected 
into Fraction 2 (F2). The F1 was purified on a StrataTM FL-PR cartridge (conditioned with 20 mL n-
hexane:DCM, and eluted using 10 mL n-hexane:DCM). An Envi-Carb cartridge was applied for a 
further clean-up of F2, with conditioning and eluting by 50 mL and 42 mL EtAc, respectively. The 
cleaned F1 and F2 were then combined and concentrated to near dryness using a gentle stream of 
nitrogen. The residues were then reconstituted with 50 μL of instrument standards (10 ng 13C12-BDE 
77 in isooctane). 
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Figure 2.1 Optimized procedurals of sample preparation for PBDE and OPE analysis 
To select the optimal sample preparation conditions, the clean-up efficiency and the recoveries of the 
targeted chemicals were evaluated for different solid phase sorbents. A discussion of these results is 
provided in section 2.3.2.  
2.2.5 Instrumental method 
All compounds were analysed using a TSQ Quantum GC (Thermo Fisher Scientific) system coupled 
with triple quadrupole mass spectrometer Quantum (QqQ) and a TRACE GC Ultra equipped with a 
TriPlus autosampler, except for BDE 209, which was analysed on a Shimadzu QP2010 gas 
chromatography mass spectrometer (GC-2010 coupled with a GCMS QP-2010). 
2.2.5.1 GC-QqQ-MS/MS 
A DB-5MS column (30 m × 0.25 mm i.d.; 0.25 μm film thickness, J&W Scientific) was used for 
separation in the GC. The oven temperature was programmed as follows:  initial temperature was 80 
°C for 2 min and increased to 180 °C at 20 °C∙min−1 and held for 0.5 min, then to 300 °C at 10 
°C∙min−1 and held at this temperature for 5 min. The total run time was 25 min at constant flow rate 
of 1.0 mL∙min−1. The programmed temperature vaporization (PTV) injector temperature was held at 
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80°C during injection for 0.1 min, then ramped at 14.5 °C∙s−1 to 200 °C and held for 1 min. The 
volume injected was 1.0 μ L, in splitless mode. The QqQ mass spectrometer was operated in electron 
ionization (EI) mode using the multiple reactions monitoring (MRM) mode with an emission current 
set at 20 μA. The transfer line and ionization source temperatures were set at 280 °C and 270 °C, 
respectively. The collision gas pressure was set at 1.5 mTorr and the cycle time was set to 0.4 s. Q1 
peak width (FWHM) was set to 0.7 amu. MRM transitions, collision energy for each transition, and 
average retention times (RTs) are presented in Table S1.2 in supplementary material.  
2.2.5.2 GCMS-QP2010 
An Agilent DB-5MS column (10 m × 0.25 mm i.d.; 0.25 μm film thickness) was used for BDE 209 
analysis. The oven temperature was programmed as follows: the initial temperature was 100 °C for 1 
min and increased to 190 °C at 20 °C∙min−1 and held for 1.5 min, then to 280 °C at 20 °C∙min−1 and 
held at this temperature for 2 min. The volume injected was 1.0 μL, in splitless mode, and temperature 
for injector was 270 °C. Negative chemical ionization (NCI) was used for MS, and temperatures for 
ion source and interface are both 270 °C.  Mass to charge ratios (m/z) of 484.6 and 486.6 were used 
for BDE 209 quantification, while 494.6 and 496.6 were used for 13C-BDE 209. 
2.2.6 Validation procedure 
The optimized method was validated for recovery, linearity, limit of quantification, precision and 
accuracy (CDC Environmental Health 2008). Basically, recovery was determined using the QCL and 
QCH spiked samples, by comparing the analytical results to unextracted standards spiked sample 
(same concentration of native and internal standards with QCL and QCH were spiked into solvent 
directly, without any extraction or purification procedural) that would represent 100% recovery. 
Linearity range was checked with spiking a serial amount of targeted chemicals into blank solvent by 
9 concentrations, with linear over the entire range studied (listed in Table 2.1). The LOD was defined 
as the average procedural blank concentrations (μg/g) plus three times its standard deviation (SD), 
whilst the LOQ was blank concentration (μg/g) plus ten times its SD. LODs were considered as the 
lowest concentration that produced a peak signal ten times the background noise from the 
chromatograms if chemicals were not found in blank samples. Precision was expressed as relative 
standard deviation percentage (RSD, %), and was evaluated by intra-day and inter-day variability for 
QC samples. Intra-day precision was assessed by analysing 3X dust samples in the same day, while 
the inter-day precision was assessed over 5 days. The accuracy was calculated as the differences of 
the determined value to the spiked values. 
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2.3 Results and discussion 
2.3.1 Instrument optimization in GC-QqQ-MS/MS 
Instrument method was optimized basing on a previous method (Baduel et al. 2015). 
Chromatographic injection and separation conditions were first optimized to maximize signal to noise 
ratios. Temperature-programmed pulsed splitless injection in a PTV injector was selected as it was 
suggested to be the best injection method for PBDE analysis, and has also been applied to OPE 
analysis (Björklund et al. 2004). Initial temperature, splitless time and pulse time were optimized to 
obtain the highest responses for all compounds. The optimization of the MS/MS method consisted of 
1) acquisition of respective MS spectra in full scan mode, 2) selection and fragmentation of 
appropriate precursor ions, 3) product ion scans at different collisions energies of 5, 10, 15, 20, 25 
and 30 eV to obtain the best product ion transition signal and different dwell time of 5, 15, 25 and 35 
mins to provide a good peak shape, and 4) further fine tuning of collision energies and dwell time in 
selected reaction monitoring mode (Rodríguez-Carrasco et al. 2014). Optimized conditions were 
listed in Table S1.1. 
2.3.2 Sample preparation optimization 
Ultra-sonication and accelerated solvent extraction were both used for OPEs with similar recovery 
(Van den Eede et al. 2011). However, ultra-sonication has not been used widely for BFRs because of 
lower extraction recoveries (Covaci et al. 2003). Therefore, accelerated solvent extraction was used 
in this study to achieve good recovery for both groups of chemicals. 
As a result of the different properties of PBDEs and OPEs, a clean-up can be hardly achieved using 
a single cartridge (Ionas and Covaci 2013). Covaci et al. (2003) suggested that silica gel, alumina or 
florisil could be used for dust clean-up, and had achieved high recoveries for PBDEs. Some sorbents, 
including florisil, alumina, silica gel, and some commercial cartridges, such as Oasis® HLB and 
StrataTM W-AX, have also been used for OPE purification (Van den Eede et al. 2011, 2015; Mizouchi 
et al. 2015; Garcia et al. 2007; Meeker and Stapleton 2010). To find the optimal sorbents for clean-
up, we investigated several SPE cartridges, which were self-packed silica gel and alumina cartridge, 
Oasis® HLB, StrataTM W-AX, StrataTM FL-PR, SupelcleanTM Envi-Carb.  
These cartridges were firstly investigated for their capacity to separate OPEs from PBDEs so they 
can be eluted and further purified in separate fractions. Loaded into each sorbent, chemicals were 
eluted and separated into two fractions, where PBDEs were firstly eluted by non-polar solvent, and 
OPEs were in the later fraction eluted by polar solvent. Their concentrations in both fractions were 
then measured separately. A clear separation was only found from silica gel and alumina cartridges. 
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A similar result was found by Ionas and Covaci (2013). Hence, silica gel and alumina cartridge was 
used for OPEs and PBDEs separation in this study. Both fractions, in most cases, were colourful and 
dark, especially the later fraction, showing that the increase of solvent polarity increased the amount 
of co-extractives matrix (Regueiro et al. 2006), and a further clean-up step was needed.  
A wide range of sorbents have been previously used for purification of PBDEs in extracts from dust, 
among which, florisil is one of the most commonly used with typically high recoveries, and less 
interference from co-extracted chemical residues. We found that extracts were still dark coloured 
after further purification on either Oasis® HLB or StrataTM W-AX, suggesting their lower efficiency 
for purification of PBDEs. In contrast, a clean-up of the extract using SuplecleanTM Envi-Carb yielded 
clear extracts but low recoveries for PBDEs. Thus, florisil was applied for PBDE clean-up in our 
study. 
Clean-up efficiency for OPEs fractions was tested for several sorbents/cartridges, including silica gel, 
Alumina, Oasis® HLB, StrataTM W-AX, StrataTM FL-PR and SuplecleanTM Envi-Carb. Colourless 
extracts with good recoveries of the analytes of interest were only achieved using Envi-Carb 
cartridges. A comparison of the dirtiness of the concentrated extracts from the different SPE 
cartridges is illustrated in Fig. S1.1. Recoveries of the OPEs of interest after purification on Envi-
Carb were in the range of 78-126% (see Section 2.3.3). Overall we found that Envi-Carb cartridges 
had a high selectivity for OPEs and provided good recoveries. Even for samples where the first 
purification step on the mixed silica gel and alumina column yielded an apparently clear (transparent) 
OPE fraction, the further purification step using the Envi-Carb clean up significantly enhanced the 
chromatography including the signal to noise of the compounds of interest (Fig 2.2). Thus, 
SuplecleanTM Envi-Carb cartridges were chosen in our study for the latter fraction clean-up. 
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Figure 2.2 Comparison of TIC for OPEs fraction where both A and B were fractionated by silica gel/alumina 
cartridge, and A was further purified using an Envi-Carb cartridge 
2.3.3 Method performance 
After the optimization of sample preparation, the method was validated to prove its reliability and 
consistency for the identification and quantification of the targeted chemicals. The validation results 
were obtained from dust QC at two spiking levels (QCL and QCH), and procedural blank samples, 
and are presented in Table 2.1.  
Recoveries 
Recoveries were described by absolute recoveries, which were calculated through comparing the 
results from the spiked dust samples with those of unextracted standard solution (considered as 100% 
recovery) both using high and low spike concentration subtracting the amount found in the (un-
spiked) QC sample. As shown in Table 2.1, all investigated compounds have recoveries between 78 
and 126%. With only one exception, recoveries had less than 20% standard deviation indicating the 
good precision of this method. 
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Table 2.1. Summary of method performance results 
 
Recovery 
(n=6) a (%) 
LOD 
(ng/g) 
LOR 
(ng/g) 
Calibration 
range (ng/g) 
R2 
Intra-day (n=3) a Inter-day (n=3) a 
QCL QCH QCL QCH 
RSD 
(%) 
Accu 
(%) 
RSD 
(%) 
Accu 
(%) 
RSD 
(%) 
RSD 
(%) 
OPEs            
TCEP 81±18 5.4 12 0.1-25000 0.999 1.0 15 12 8.4 6.3 20 
TCIPP 109±9.3 450 1000 0.1-500000 0.997 3.2 5.5 9.3 -3.0 28 10 
TDCIPP 88±7.5 380 520 0.1-25000 0.999 3.8 8.9 7.4 4.7 3.5 9.3 
TPrP 79±8.5 2.2 6.2 0.1-25000 0.997 2.0 13 8.4 8.5 5.6 9.6 
TiBP 105±12 23 38 0.1-500000 0.999 9.4 9.5 7.2 6.6 9.9 9.5 
TnBP 94±6.5 110 160 0.1-500000 1.000 1.4 23 5.3 3.7 27 13 
TEHP 78±12 200 420 0.1-25000 0.998 3.8 -6.0 10 5.1 16 12 
TBOEP 126±41 20 35 0.1-500000 0.998 2.9 10 10 -1.9 2.7 7.9 
TPhP 107±8.7 13 25 0.1-25000 1.000 5.0 -1.0 6.6 4.4 7.2 4.0 
TMPP 116±6.0 8.6 14 0.1-25000 0.998 3.5 -17 12 2.5 14 11 
EHDPP 83±9.8 54 120 0.1-25000 0.999 4.5 23 4.1 -6.2 14 4.5 
PBDEs            
BDE 28 96±7.8 0.20 0.58 0.1-1000 1.000 8.5 17 13 19 30 15 
BDE 47 98±2.4 3.3 8.7 0.1-1000 0.999 1.5 -7.9 7.8 7.8 23 4.9 
BDE 99 106±15 1.6 3.6 0.1-1000 0.998 2.8 -9.2 9.6 16 26 4.4 
BDE 100 108±1.8 1.5 4.2 0.1-1000 0.999 3.3 6.9 9.7 29 15 4.9 
BDE 153 82±7.6 0.050 0.14 0.1-1000 0.999 1.6 10 13 27 24 3.3 
BDE 154 88±13 2.7 3.1 0.1-1000 0.998 3.8 8.9 8.7 12 10 1.9 
BDE 183 124±15 0.30 0.81 0.1-1000 0.999 3.1 -10 31 2.2 12 17 
BDE 209 87±9.0 1000 1100 1-10000 0.999 15 -29 3.9 12 21 8.7 
a: n indicates the number of analysed samples 
Linearity 
Calibration curves covered the entire range of concentration in real dust samples in this study, which 
is shown in Table 2.1. The method showed a linear response with determination coefficient (R2) 
higher than 0.995 in all cases. 
Limits of detection/quantification 
Defined as the average procedural blank concentrations plus three times its SD, LODs for the analytes 
were in the range of 0.20-1000 ng/g depending on the specific compound of interest. LOQs were 
determined from the blank concentration plus ten times SD, which were 0.14-1100 ng/g for all 
compounds (shown in Table 2.1). 
Precision 
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Intra-day precision was assessed by analysing replicate samples on the same day, while the inter-day 
precision was assessed over 5 days. RSD for intra- and inter-day were between 1.0-31%, and 1.9-
30%, respectively (shown in Table 2.1). As shown in Table 2.1, there was overall good agreement 
between spiked and measured concentration where all data were within ± 30% of the certified or 
Indicative values of the SRM. These values showed good accuracy and reproducibility of the method. 
Quality control 
Procedural blank samples were included as part of the quality control. Briefly, previously cleaned 
hydromatrix was spiked with internal standards, and extracted and cleaned as the same process 
described above. Two procedural blank samples were analysed in each batch of samples. Blank 
correction was conducted when > 5% concentration was found in blank samples.  
2.3.4 Application to real dust samples 
Dust SRM 2585 
In order to demonstrate the efficiency and accuracy of this method, dust SRM samples were analysed. 
Measured OPE and PBDE concentrations together with reference concentrations were both shown in 
Table 2.2. The differences to certified PBDE concentrations ranged from -29% to 28%.  Although 
there was no certified data available for OPE concentrations in SRM 2585 we are able to compare 
our results with several studies that also analysed this SRM. Our result showed good agreement with 
most studies (Fan et al. 2014; Bergh et al. 2012; Van den Eede et al. 2011; Ionas and Covaci 2013; 
Brandsma et al. 2013). 
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Table 2.2 Measured and reference concentrations of selected OPEs and PBDEs in dust SRM 
 
Present study (n=3) Certified/ Indicative values Percent Error 
(%) Mean (μg/g) SD (μg/g) Mean (μg/g) SD (μg/g) 
OPEs      
TCEP 0.55 0.11 0.79 a 0.12 -28 
TCIPP 1.0 0.20 0.94 a 0.26 6.4 
TDCIPP 1.5 0.24 1.6 a 0.53 -3.6 
TPrP 0.010 0.0041  - - 
TiBP <0.03 - 0.017 a 0.015 - 
TnBP 0.14 0.020 0.27 a 0.019 -44 
TEHP <0.45 - 0.27 a 0.11 - 
TBOEP 63 15 73 a 32 14 
TPhP 0.87 0.070 1.1 a 0.099 -20 
TMPP 0.95 0.13 0.84 a 0.24 -13 
EHDPP 1.3 0.17 0.96 a 0.20 -24 
PBDEs      
BDE 28 0.035 0.0060 0.047 b 0.044 -26 
BDE 47 0.47 0.029 0.50 b 0.046 -6.4 
BDE 99 0.66 0.084 0.89 b 0.053 -26 
BDE 100 0.13 0.020 0.15 b 0.011 -16 
BDE 153 0.10 0.032 0.12 b 0.0010 -15 
BDE 154 0.060 0.046 0.084 b 0.0020 -29 
BDE 183 0.036 0.0057 0.043 b 0.0035 -16 
BDE 209 3.2 0.20 2.5 b 0.19 28 
a: Brandsma et al. (2013) 
b: NIST,  (2014)  
Australian indoor dust 
We applied the newly validated method to 10 real dust samples to assess its applicability. Fig. 2.3 
and Table S1.3 summarised the concentrations of OPEs and PBDEs in Australian dust.  
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Figure 2.3 Concentrations of OPEs and PBDEs in Australian indoor dust 
 
TCEP, TCIPP, TDCIPP, TBOEP, TPhP, TMPP, EHDPP, BED 47, BDE 99, BDE 153, and BDE209 
were detected in all samples, while TiBP, TnBP, BDE 100, and BDE 183 were detected in most 
samples. TPrP, TEHP, BDE 28 and BDE 154 had lower detection frequencies. TBOEP and TCIPP 
were the dominant OPEs in all samples, with mean concentrations of 20 μg/g and 14 μg/g, 
respectively. BDE 209 had the highest concentration among all PBDE congeners (mean concentration 
of 3.4 μg/g). As different sampling protocols have been used in these studies, the comparison of 
concentration levels between these studies is limited. Our results showed a good agreement with both 
OPE and PBDE concentrations previously reported in Australian indoor dust (Harrad et al. 2016; 
Toms et al. 2009). Compared with the concentrations found in other countries, OPE concentrations 
here were lower than those in Germany (Brommer et al. 2012), but comparable with those in 
Netherlands (Brandsma et al. 2014), Canada and Kazakhstan (Harrad et al. 2016). PBDE 
concentrations in this study were lower than those of the USA (Sjödin et al. 2008), but were similar 
to UK concentrations (Harrad et al. 2010). 
2.3.5 Comparison previous studies 
Several research groups have previously developed analytical methods for PBDEs and OPEs (Fan et 
al. 2014; Van den Eede et al. 2011, 2012; Ionas and Covaci 2013; Cristale and Lacorte 2013). 
However, better sensitivities were observed for some chemicals, including TCEP, TPrP, TiBP, 
TBOEP, TMPP etc, by the method developed in this study (Table 3), due to superior cleanup 
processes and instrumental performance. In case of van den Eede et al. (Van den Eede et al. 2012), 
their method was equally sensitive with comparable LOQs for OPEs and even lower LOQs for 
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PBDEs, although the authors also reported irreproducible blank issues for TiBP, which resulted in an 
elevated inaccuracy and imprecision as shown in Table 2.3. Another advantage of our method is that 
most target chemicals (except for BDE 209) can be instrumentally analysed by one injection. This is 
both cost-effective and time-saving, while the cost of consumables used in our method is comparable 
to the previous methods. 
2.4 Conclusions 
In this study, we have developed an analytical method for dust that proved to be suitable for 11 OPEs 
and 8 PBDEs. Compared with previous studies, our new purification approach significantly enhanced 
the sensitivity of the instrument and consequently lowered the LODs of the method. Recoveries for 
all interested chemicals ranged from 78-126%; LODs were 0.20-1000 ng/g; and differences of 
determined concentrations to spiked concentrations were -29-30%, suggesting the good accuracy and 
reproducibility of this method. The method was then applied to dust SRM and real dust samples, 
where a good agreement with certified or indicative results was found. In Australian indoor dust 
samples, TBOEP, TCIPP were the dominant chemicals in all samples, with the mean concentrations 
of 20 μg/g and14 μg/g, respectively. 
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Table 2.3 Comparison of sensitivity, accuracy and precision to previous method  
 TCEP TCIPP 
TDCIP
P 
TPrP TiBP TnBP TEHP 
TBOE
P 
TPhP TMPP 
EHDP
P 
BDE 
28 
BDE 
47 
BDE 
99 
BDE 
100 
BDE 
153 
BDE 
154 
BDE 
183 
BDE 
209 
Fan et al (2014) 
LOQ ng/g 230 350 280 680 1320 230 n.a. 1430 420 120 550 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Accuracy a % 92 94 102 90 79 83 n.a. 14 12 5.7 15 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Precision (RSD, %) 8.3 11 7.9 18 16 14 n.a. 88 104 112 60 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
van den Eede et al 
(2011) 
LOQ ng/g 80 20 80 20 500 30 n.a. 60 70 40 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Accuracy a % 101 97 116 52 119 82 n.a. 98 101 107 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Precision (RSD, %) 6 3 9 9 28 3 n.a. 12 4 2 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
van den Eede et al 
(2012) 
LOQ ng/g 110 10 10 50 370 10 n.a. 50 10 40 n.a. 0.04 0.13 0.18 0.24 0.18 0.71 1.6 17 
Accuracy a % 142 103 125 109 81 93 n.a. 235 111 124 n.a. 98 98 91 113 104 102 103 99 
Precision (RSD, %) 6 3 8 13 315 4 n.a. 13 10 7 n.a. 2 2 10 1 2 1 5 2 
Ionas et al (2013) 
LOQ ng/g n.r. n.r. n.r. n.a. n.a. n.r. n.r. n.r. n.r. n.r. n.r. n.r. n.r. n.r. n.r. n.r. n.r. n.r. n.r. 
Accuracy b % 104 127 115 n.a. n.a. 65 137 81 83 138 95 74 78 76 76 76 83 58 99 
Precision (RSD, %) 4 7 5 n.a. n.a. 9 51 1 4 34 2 6 9 13 13 13 9 8 20 
Cristale et al (2013) 
LOQ ng/g 79 31.4 3.8 n.a. 44 77 5.4 288 5.4 9.1 27.7 4.3 2.1 5 5.3 2.3 2 4.4 275 
Accuracy a % n.c. n.c. 113 n.a. 112 13 117 n.c. n.c. n.c. 141 82 104 121 89.8 105 89 129 n.c. 
Precision (RSD, %) n.c. n.c. 35 n.a. 35 32 33 n.c. n.c. n.c. 2.2 1 1 4 0.2 6 3 11 n.c. 
This study 
LOQ ng/g 12 1000 520 6.2 38 160 200 20 13 8.6 54 0.20 3.3 1.6 1.5 0.050 2.7 0.30 1000 
Accuracy a % 115 106 109 113 110 123 94 110 99 83 123 117 92 91 107 110 109 90 71 
Precision (RSD, %) 1.0 3.2 3.8 2 9.4 1.4 3.8 2.9 5 3.5 4.5 8.5 1.5 2.8 3.3 1.6 3.8 3.1 15 
n.a.= not applicable; n.r.=not reported; n.c.=not calculated (due to high concentrations in QC samples) 
a: accuracy was described by the difference of calculated concentrations to (low) spiked concentrations;  
b:accuracy was described by the difference of calculated SRM concentrations to indicated/certified concentrations. 
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Chapter 3: Flame retardants in Australian indoor environments 
 
 
 
 
Dermal contact with dust and inhalation in indoor environment are important pathways of BFR and OPE 
exposure. To better understand human exposure of BFRs and OPEs, we need to firstly investigate their 
levels in different indoor microenvironment. In chapter 2, we have developed a multi-residue method for 
BFR and OPE analysis in dust samples, which can also be applied to air samples. Chapter 3 focuses on 
the investigation of concentrations of BFRs and OPEs in different microenvironment, i.e. private houses, 
workplaces, transport, hotels, and the estimation of daily intake of BFRs and OPEs for Australian adults 
and toddlers.   
 
 
 
The following publication is incorporated as Chapter 2: 
 
Organophosphate and brominated flame retardants and plasticizers in Australian indoor 
environments: levels, sources and preliminary assessment of human exposure. Environmental 
Pollution. Environmental Pollution. 235, 670-679. doi:10.1016/j.envpol.2017.12.017. 
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Abstract 
Concentrations of 9 organophosphate flame retardants (OPEs) and 8 polybrominated diphenyl ethers 
(PBDEs) were measured in samples of indoor dust (n=85) and air (n=45) from Australian houses, 
offices, hotels and transportation (buses, trains and aircraft). All target compounds were detected in 
indoor dust and air samples. Median concentrations of ∑9OPEs were 40 μg/g in dust and 44 ng/m3 in 
indoor air, while median ∑8PBDEs concentrations were 2.1 μg/g and 0.049 ng/m3. Concentrations of 
FRs were higher in rooms that contained carpet, air-conditioners, and various electronic items. 
Estimated daily intakes for adults are 14000 pg/kg body weight/day and 330 pg/kg body weight/day 
for ∑9OPEs and ∑8PBDEs, respectively. Our results suggest that for the volatile FRs, such as tris(2-
chloroethyl) phosphate (TCEP) and TCIPP, inhalation is expected to be the more important intake 
pathway compared to dust ingestion and dermal contact.  
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3.1 Introduction 
Flame retardants (FRs) have been widely used as additives for several decades to meet fire safety 
standards for consumer products. Before 2004, polybrominated diphenyl ethers (PBDEs) were the 
most common FRs in commercial and household products (Ma  et al. 2013). Due to the increasing 
concerns about their persistence, bioaccumulation, and toxicity, worldwide restrictions were 
implemented (Tao et al. 2017). The commercial Penta- and Octa-BDE mixtures of PBDEs, were 
banned in Europe (in 1998) and North America (in 2004), followed by a ban on Deca-BDE in Europe 
and several US states (in 2008) (Alaee et al. 2003; Kemmlein et al. 2009). PBDEs have not been 
manufactured in Australia and the import of penta-BDE and octa-BDE to Australia was ceased in 
2005 (Toms et al. 2008; NICNAS 2007). 
The phase-out of PBDEs has led to an increase in the production and use of alternative FRs over the 
past few years, including organophosphate flame retardants (OPEs) (van der Veen and de Boer 2012; 
Butt  et al. 2014). In 2006, the global consumption volume of OPEs was 465,000 tons (van der Veen 
and de Boer 2012), and was projected to expand by 4.6% per year until 2018 to reach a volume of 
2.8 million tons (ICL 2015). Similar to PBDEs, OPEs have also been detected in air, dust, wastewater, 
human serum, and breast milk in recent years (Shoeib et al. 2014; Kim  et al. 2014; Abdallah and 
Covaci 2014; O’Brien et al. 2015; Li et al. 2017; Cequier et al. 2015). OPEs may also have adverse 
effects on the environment and human health. In experimental studies, OPEs have been observed to 
disrupt normal endocrine and reproductive function, nervous system development and are suspected 
carcinogens (World Health Organization 1998, 1991a, 1991b; van der Veen and de Boer 2012). 
Although data are scarce, human epidemiological studies suggest that OPE exposure is associated 
with human hormone levels and semen quality parameters (Meeker and Stapleton 2010; Meeker et 
al. 2013; Stapleton  et al. 2009). Thus, it is important to assess their potential risks on environment 
and human health.  
There is therefore considerable interest in how FRs are released from sources, enter environmental 
compartments, and their ability to accumulate in biota, including humans. Moreover, a recent study 
showed that FRs, were detected in a broad range of consumer products, including foam, mattress, and 
electrical equipment, in Australia (Gallen et al. 2014). Treated products therefore represent significant 
reservoirs of the FRs, so they are the focus of attention for source identification (Abbasi et al. 2015). 
Their main pathways of release include volatilization or abrasion during the use of treated products 
(Kemmlein et al. 2003; Johnson et al. 2010; Webster et al. 2009). Following their release, like other 
semi-volatile organic compounds, FRs can distribute throughout the indoor environment through 
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repeated partitioning to dust and surfaces followed by volatilisation (Mitro et al. 2016; Weschler and 
Nazaroff 2008). Human intake of FRs in the indoor environment occurs via dust ingestion, dermal 
contact and inhalation (Fromme et al. 2009), and these chemicals or their metabolites have been 
detected in human specimens (Butt et al. 2014; Cequier et al. 2015; Van den Eede et al. 2015). 
In this study, we investigated the level, sources, and human exposure to FRs, including 9 highly 
produced OPEs (tri-n-butyl phosphate (TnBP), tris(2-chloroethyl) phosphate (TCEP), tris(2-
chloroisopropyl) phosphate (TCIPP), tri(1,3-dichloroisopropyl)phosphate (TDCIPP), tris(2-
butoxyethyl) phosphate (TBOEP), triphenyl phosphate (TPhP), 2-ethylhexyl diphenyl phosphate 
(EHDPP), tris(2-ethylhexyl) phosphate (TEHP), and tris(methylphenyl) phosphate (TMPP)) and 8 
PBDE congeners (28, 47, 99, 100, 153, 154, 183, and 209) (Table 3.1), where limited data were 
available in Australia (Harrad et al. 2016; Toms et al. 2009). The objectives of this study were (1) to 
understand the levels and distribution of OPEs and PBDEs in Australian indoor environment, 
including private houses, offices, hotels and transportation, (2) to investigate the contamination 
profile and composition, and attempt to elucidate the sources of FRs in microenvironments, especially 
the influence from indoor products, and (3) to assess the intake of FRs from indoor environments via 
dust ingestion, dermal contact and air inhalation for Australian adults and toddlers. 
Table 3.1 Information of targeted flame retardants and related physico-chemical properties (at 25 ℃) (SRC) 
Chemicals 
Abbreviati
on 
CAS number 
Vapour 
pressure (mm 
Hg) 
Water 
solubility  
(mg/L) 
Log 
KOW 
Tris(2-chloroethyl) phosphate TCEP 115-96-8 3.9×10-4 7.0×103 1.44 
Tris(2-chloroisopropyl) phosphate TCIPP 13674-84-5 5.64×10-5 1.2×103 2.59 
Tris(1,3-dichloroisopropyl) phosphate TDCIPP 13674-87-8 2.85×10-7 7.0 3.65 
Tri-n-butyl phosphate TnBP 126-73-8 3.5×10-3 2.8×102 4.00 
Tris(2-ethylhexyl) phosphate TEHP 78-42-2 6.1×10-7 6.00×10-1 9.49 
Tris(2-butoxyehyl) phosphate TBOEP 78-51-3 1.2×10-6 1.1×103 3.75 
Triphenyl phosphate TPhP 115-85-6 4.7×10-7 1.9 4.59 
tris(2-methylphenyl) phosphate TMPP 78-30-8 2.0×10-5 N.A. N.A. 
2-ethylhexyl diphenyl phosphate EHDPP 1241-94-7 3.3×10-5 1.9 5.73 
2,4,4'-tribromodiphenyl ether BDE 28 41318-75-6 2.19×10-3 7.0×10-1 5.53 
2,2',4,4'-tetrabromodiphenyl ether BDE 47 5436-43-1 1.85×10-4 1.5×10-2 6.11 
2,2',4,4',5-pentabromodiphenyl ether BDE 99 60348-60-9 1.76×10-5 9.4×10-3 6.61 
2,2',4,4',6-pentabromodiphenyl ether BDE 100 189084-64-8 2.85×10-5 4.0×10-2 6.51 
2,2',4,4',5,5'-hexabromodiphenyl ether BDE 153 68531-49-2 2.09×10-6 8.7×10-4 7.13 
2,2',4,4',5,6'-hexabromodiphenyl ether BDE 154 207122-15-4 3.80×10-6 8.7×10-4 7.39 
2,2',3,4,4',5',6-heptabromodiphenyl ether BDE 183 207122-16-5 4.68×10-7 1.5×10-3 7.14 
2,2',3,3',4,4',5,5',6,6'-decabromodiphenyl ether BDE 209 1163-19-5 5.42×10-11 1.3×10-8 9.97 
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3.2 Materials and methods 
3.2.1 Sampling protocols 
Dust and air samples were collected in Brisbane and Canberra, Australia (Fig. S1.1), from January to 
March 2015. Dust samples were collected from 85 indoor settings, including 40 private houses, 27 
offices spaces, 15 public transportation (buses, trains, and aircraft), and 3 hotels. Air samples were 
collected from 16 houses and 29 offices, where matched dust-air samples were available in 16 houses 
and 24 offices. During the dust sampling, the presence of polymer, foam, and textile products that 
were accessible in the sampling sites were recorded. A product that presented in >5% rooms was set 
as a category to assess their contributions to FRs concentrations. For this project, all the samples have 
been collected with ethics approval from the University of Queensland (approval number: 
2015000153).  
Settled dust was collected using a clean nylon sampling sock that was inserted into the entry hose of 
a vacuum cleaner (Bosch). Samples were collected by vacuuming for approximately 15 min over the 
surfaces in the living areas of the home (bedroom, living room, etc) and of the office. The sampling 
sock was sealed in a zip lock bag and stored at room temperature once they arrived at the laboratory. 
The dust samples were sieved using a pre-cleaned 1 mm mesh sieve to remove larger particles and to 
ensure the homogeneity of the sample. 
Air samples were collected by a polyurethane foam-glass fiber filter (PUF-GFF) passive air sampler 
adopted from a design of Harner et al (2004) (Fig S1.2). PUF and GFF were pre-cleaned by ASE 
using 73 mL n-hexane and acetone mixture (50:50, v:v). For individual sample, a PUF disk was 
inserted into a metal housing covered by a GFF. This feature allows that both airborne particulates 
and volatile chemicals are collected. Samplers were placed for between 48 to 101 days in each room 
that was sampled. The different deposit days was caused by the inconvenience of the house owners 
or office workers. These results were later corrected by sampling rates to eliminate the effect of 
different numbers of sampling days (Fig. S1.3). 
After retrieval, PUF and GFF were stored separately at -20 °C until analysis.  
3.2.2 Analytical methods 
The analytical procedure including method validation used for the analysis of OPEs and BDEs is 
described in detail in He et al (2017). Samples were extracted using Accelerated Solvent Extraction 
(ASE) and purified using a two-step solid-phase extraction purification method. Briefly, PUF and 
GFF samples were analyzed separately and ~0.1 g of dust samples were used for analysis. Air or dust 
samples were spiked with internal standards (1 ng 13C12-PBDE mixture, 30 ng 
13C12-BDE 209, 10 ng 
each of TCIPP-d18, TPhP-d15 and TnBP-d27), and extracted by ASE. Samples were separated into two 
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fractions on a silica gel and alumina cartridge, eluting firstly with 42 mL n-hexane and DCM mixture 
(50:50, v:v) then 24 mL ethyl acetate. For air samples, two fractions were then concentrated and 
combined. For dust samples, a further clean-up step was needed. A StrataTM FL-PR cartridge was 
used for the first fraction and an Envi-Carb cartridge for the second fraction The two fractions were 
then combined. The combined fractions for both air and dust samples were finally concentrated to 
near dryness under a gentle stream of nitrogen, and made up in 50 μL of instrument standards (200 
pg/μL 13C12-BDE 77 in isooctane).  
The analysis of OPEs and PBDEs (except for BDE 209) was performed using a TSQ Quantum GC 
(Thermo Fisher Scientific) system coupled with triple quadrupole mass spectrometer Quantum (QqQ) 
and a TRACE GC Ultra equipped with a TriPlus autosampler. BDE 209 was analyzed on a Shimadzu 
QP2010 gas chromatography mass spectrometer (GC-2010 coupled with a GCMS QP-2010). Details 
are given in the Supporting Information (SI). 
3.2.3 Derivation of concentration in air 
Air concentrations were calculated based on a study from Rauert et al (2016). Generally, 
concentrations in air for targeted chemicals are derived from passive samplers by dividing the amount 
of chemical collected on the sampler (e.g. pg/sampler) by an effective air sampling volume (Veff, m
3), 
as OPEs and PBDEs have been shown to maintain linear phase sampling in PUFs at a rate of about 
4.0 m3/day and 3.5 m3/day, respectively, for deployment periods of a few months (Shoeib et al. 2014; 
Liu et al. 2016; Harner et al. 2006).  
These Veff values were confirmed by a further validation test, which is provided in the SI. So the Veff 
can be simply estimated as the linear-phase sampling rate multiplied by the number of sampling days. 
3.2.4 Quality assurance and quality control 
Field blank samples were collected during sample collection. For dust samples, field blanks samples 
were prepared by introducing pre-cleaned ~5 g of Na2SO4 into sampling socks on site, and they were 
then treated as all the other dust samples collected on the different sites. As the dust samples, field 
blanks containing Na2SO4 were sieved before extraction. For passive air samples, field blanks 
samples were prepared by placing clean PUF and GFF into metal housings, for 1 min. Field blank 
sample was extracted and analyzed in each batch of samples, and the average blank value for each 
analyte was subtracted from each sample mass. 
The limits of detection (LODs) were defined as the average procedural blank concentrations plus 
three times their standard deviations (SDs), and limits of quantifications (LOQs) were average blank 
concentrations plus ten times their SD, which were 0.20-1,000 ng/g for dust and 0.00080-0.29 ng/m3 
for air samples. LOQs for individual chemicals are given in the SI (Table S2.3). The recoveries of 
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internal standards ranged from 78% to 130% with a relative standard deviation (RSD) below 20% in 
most cases, expect for TCIPP where RSD was 27%. A pooled QC sample was included in each dust 
batch to ensure the reproducibility of the analytical method. 10 duplicates of dust samples and 5 
duplicates of air samples were collected and analyzed in different batches. The RSDs of individual 
concentrations in QC and duplicate samples were less than 30%. 
3.2.5 Statistical analysis 
Statistical analyses were performed by using SPSS 23 (Chicago, USA) software package for 
Windows. Student’s t-test was performed to compare the concentrations and profiles of FRs in 
different microenvironments, as well as the different influence from consumer products. Bivariate 
correlations (Spearman correlation coefficients) were used to investigate the correlation between 
chemicals, and to describe the relationships between the products (presence and/or amount of item in 
the indoor environment) and FR concentrations. 
Spearman’s rank correlation analysis was performed to assess the correlations between dust and air 
concentrations. Statistical significance was set at p < 0.05. Concentrations of target compounds were 
assumed to be LOQ/2 when they were lower than LOQ.  
Human intakes of FRs from inhalation, dust ingestion and dermal contact with dust were estimated 
separately. Daily intakes via inhalation were estimated basing on eq. 3.1 (Harrad et al. 2004). 
Intake (μg/kg/day) = [(CwFw) + (ChFh) + (CtFt) + (CoFo)] ×RR / (BW×1000)                (eq. 3.1) 
where Cw/h/t/o is the ∑FR concentration in workplace/house/transport/outdoor air, respectively 
(ng/m3); Fw/h/t/o is the respective fraction of day spent at workplace/home/transport/outdoor; RR is the 
respiration rate (20 m3/d for adult, and 4.5 m3/d for toddlers (EPA. 1997)); and BW is the body weight 
(kg); 1000 is used to convert ng to μg. 
Daily intakes via dust ingestion with dust were estimated basing on eq. 3.2 (Tajima et al. 2014). 
Intake (μg/kg/day) = Cdust × DIG / (BW × 1000)                                                           (eq. 3.2) 
where Cdust is the dust concentration for each FR, DIG is an estimated dust ingestion rate (41 mg/day 
for infant, and 2.5 mg/day for adults (Tajima et al. 2014)), and 1000 is used to convert mg to g. 
Daily intakes via dermal contact with dust were estimated basing on eq. 3.3. (Johnson-Restrepo and 
Kannan 2009) 
Intake (μg/kg/day) = Cdust×BSA×SAS×AF×Fw/h/t/o / (BW×1000)                                (eq. 3.3) 
where BSA is the body surface area (4615 cm2/day for adults and 2564 cm2/day for toddlers); SAS is 
the soil adhered to skin (0.096 mg/cm2); AF is the fraction of chemicals absorbed in the skin (0.03) 
(Johnson-Restrepo and Kannan 2009). 
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3.3 Results and discussions 
3.3.1 Concentrations and patterns of OPEs and PBDEs in indoor dust samples 
Concentration for ∑9OPEs in the dust samples ranged from 7.4 to 880 μg/g (median, 40 μg/g) (shown 
as Table S2.3 and Fig. 3.1). TCEP, TCIPP, TBOEP, TPhP, EHDPP, and TMPP were more frequently 
detected (DFs >95%) than other OPEs (TnBP, TDCIPP, and TEHP). The highest concentration 
compounds in dust from all the microenvironments combine were TBOEP and TCIPP, which 
accounted for 37% and 18% of ∑9OPEs on average, respectively. The predominance of TBOEP and 
TCIPP suggests a greater use of these chemicals in consumer products in Australia. We found a 
median concentration of 15 μg/g for TBOEP in the dust samples from Australia, which is similar to 
what has been reported in studies from the Netherlands (Brandsma  et al. 2014) and Sweden (Bergh 
et al. 2011). TBOEP is used as plasticizer in rubber and plastics and as polisher in floor finishing 
products (up to 0.5-8%) (Marklund et al. 2003; Brandsma  et al. 2014; Kajiwara et al. 2011), which 
might be an important source in indoor environments. The median concentrations of TCIPP in indoor 
environments range from 0.57 to 26 μg/g, which exceeded concentrations reported from the USA 
(Stapleton  et al. 2009), but is comparable to data from Asian (He et al. 2015; Tajima et al. 2014; 
Araki et al. 2014), and European countries (Dirtu et al. 2012; Garcia et al. 2007). Overall, alkyl OPEs 
(TnBP, TBOEP, and TEHP) were predominated in Australian dust, accounting for ~50% of the 
∑9OPEs, which was followed by chlorinated OPEs (TCIPP, TDCIPP, and TCEP, ~36%) and aryl 
OPEs (TPhP, TMPP, and EHDPP, ~15%). This contamination profile was similar to that in Romanian 
(Dirtu et al. 2012) and Spanish (Garcia et al. 2007) indoor dust, and also is consistent with the profile 
in Australian wastewater (O’Brien et al. 2015). In contrast, chlorinated OPEs were found to 
predominate the OPE profiles reported for dust samples collected from Saudi Arabia (Ali et al. 2016). 
Such country-specific patterns of OPEs profiles in the indoor microenvironment could be explained 
by different patterns of usage as FRs and/or as plasticizers, by the time of usage (recent/past 
application), as well as by the sampling method (Ali et al. 2014, 2016; Dirtu et al. 2012; Garcia et al. 
2007). 
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Figure 3.1 Dust concentrations (μg/g) of targeted OPEs and PBDEs in different microenvironment in 
Australia 
Concentrations for ∑8PBDEs ranged from 0.42-18 μg/g. BDE 209 was the most frequently detected, 
as it was quantifiable in all samples. BDE 47, 99, 100, 153, 183 were detected in most samples 
(>70%), while BDE 28 and 154 were only detected in less than 50% samples (Table S2.3). 
Concentrations for ∑8PBDEs were 0.091-300 μg/g (median of 2.1 μg/g) in Australian indoor dust. 
∑8PBDEs concentration was lower than studies conducted in the UK (Tao et al. 2016) and USA 
(Johnson et al. 2013), but higher than Germany (Fromme et al. 2009; Brommer et al. 2012) and 
Kuwaiti (Ali et al. 2013). This result was consistent with our previous 2005 study of 5 house dust 
(0.087-0.73 μg/g) and 3 office dust (0.58-3.1 μg/g) samples (Toms et al. 2009). This indicates the 
constant release of BDEs from legacy sources and products. BDE 209 predominated in dust, 
contributing 86%, 81%, 97% and 88% of ∑8PBDEs in samples from homes, offices, transportation 
and hotels, respectively. This predominance of BDE 209 was similar to other countries in Europe, 
and Asia, but different when compared to studies undertaken in North America where greater use of 
penta-BDE led to a greater contribution from BDE 47 and 99 (Fromme et al. 2009; Tao et al. 2016; 
Zhu et al. 2015; Toms et al. 2009).  
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The highest FR concentrations were found in dust collected from public transport vehicles 
(buses/trains/planes) (median of 190 and 8.1 μg/g for ∑9OPE and ∑8PBDEs, respectively). Compared 
with the transportation, significantly lower concentrations of ∑9OPE were found in samples from 
houses (median 33 μg/g) and offices (median 32 μg/g). Likewise for PBDEs, lower concentrations of 
∑8PBDEs were found in samples from houses (median 2.1 μg/g) and offices (median 2.1 μg/g), 
compared to transportation, although the finding was not significant. In some other studies, higher 
levels of OPEs were also reported in dust from transportation (e.g. bus, aircraft, etc) compared to 
house or office dust (Ali et al. 2013, 2016; Abdallah and Covaci 2014; Brommer et al. 2012). The 
highest level of fire safety is required for materials used for public transportation (ACC. 2017).  The 
applications of FRs in public transportation include in polypropylene polymers and acrylonitrile 
butadiene styrene used in instrument panels, as well as textiles, PUFs and electronics (Ali et al. 2013, 
2016; Brommer et al. 2012; Abdallah and Covaci 2014). 
Among the 15 transportation dust samples, 5 were collected from aircraft cabins, 5 were collected 
from trains, and the other 5 were from buses. For ∑9OPEs and ∑8PBDEs, similar concentrations were 
found in aircraft and trains, while concentrations were lower in buses. However, significantly higher 
(p<0.001) concentrations of TnBP and TMPP were found in aircraft dust. Both TMPP and TnBP were 
used in plastics and rubbers (Wei et al. 2015), which are commonly used in aircraft. It also should be 
noted that TMPP is one of the most frequently used aircraft turbine engine oils (De Nola et al. 2008), 
and TnBP is also used as hydraulic oil in aircraft (Solbu et al. 2011). More research is needed to 
assess the potential release of TMPP and TnBP from oil. 
To visualize the different sources of FRs in different microenvironments, the composition of FRs 
between these environments was assessed (Fig. 3.2). Though alkyl phosphate (including TBOEP) 
predominated in all the indoor environments, the contribution of aryl phosphates in transportation 
(36%) was significantly higher (p<0.05) than offices (12%), houses (15%) and hotels (5.6%).   The 
aryl phosphate EHDPP, which were added in PVC (polyvinylchloride) (van der Veen and de Boer 
2012), appeared to drive this trend, as it accounted for 27%, 2.1%, 9.7% and 4.3% of ∑9OPE in 
transportation, houses, offices, and hotels, respectively.  
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Figure 3.2 Contribution (%) of individual OPEs and PBDEs in different indoor environments 
To investigate the possible common sources of OPEs and PBDEs, Spearman’s rank correlation 
analysis was used to assess relationships between each chemical/group. The correlation was not 
investigated in hotel dust, due to the limited number of samples collected. Detailed information of 
these relationships is given in Table S2.5. A strong and significant correlation (r=0.721, P<0.01) 
between ∑9OPE and ∑8PBDE concentration was found in transportation dust. Strong correlations 
(r>0.79, P<0.001) were found among BDE 47, BDE 99, BDE 100, BDE 153 and BDE 154, which 
were all presenting in penta-BDE commercial products. In addition, all these penta-BDEs were 
moderately correlated with TCEP (r>0.45, P<0.001), and weakly correlated (0.232<r<0.435, 
P<0.032) with TPhP, TBOEP, EHDPP, and BDE 209.  Some OPEs, such as TPhP and TDCIPP, have 
been reported as the replacement of penta-BDE for decades (Dodson  et al. 2012). The similar 
distribution of penta-BDEs and these OPEs in indoor dust is likely due to this trend in FR usage. The 
ratio of ∑8PBDE/∑9OPE concentrations in dust can also be used to assess the replacement of PBDEs. 
In the USA, the value changed from 0.26 in 2006 to 0.19 in 2011, suggesting the gradually decreasing 
levels in the environment (Dodson et al. 2012). While in Europe, the values were 0.017 in homes and 
0.011 in offices in 2010, when penta-BDE and octa-BDE have been banned for more than a decade 
(Brommer et al. 2012). In this study, the values were 0.064 in homes and 0.066 in offices. These 
ratios indicated the relatively high concentration and great usage of OPEs in Australia. We cannot 
describe the phase-out process of PBDEs here due to the lack of previous data in Australia, but these 
values could be used to track the changes of FRs composition if we continue to investage FRs 
concentrations in air and/or dust overtime.    
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3.3.2 Concentrations and patterns of OPEs and PBDEs in indoor air 
∑9OPEs concentration were 7.2-760 ng/m3, with a median of 44 ng/m3, in Australian indoor air (Fig. 
3.3). Our results are slightly higher than a study conducted in South America, where passive air 
samplers (PAS) were also applied to collect outdoor air (Rauert et al. 2016). TDCIPP and TMPP were 
only detected in ~60% of air samples, while the other OPEs were detected in >98% of samples. In 
contrast to dust samples, 90% of the ∑9OPEs concentration was attributable to chlorinated OPEs, 
followed by alkyl OPEs (9%) and aryl OPEs (1%). TCIPP was the predominant OPEs, with a median 
concentration of 16 ng/m3 and 48 ng/m3 in house and office air, respectively. This pattern is similar 
to studies on active air sampling (Yang et al. 2014; Zhou et al. 2017). The high presence of chlorinated 
OPEs could be attributed to their use as plasticizers and FRs in a number of flexible and rigid PUFs, 
(Stapleton et al. 2009; Marklund et al. 2003; Solbu et al. 2007) as well as their stability in the 
environment (van der Veen and de Boer 2012). More volatile chemicals, like TnBP, showed higher 
detection frequencies and higher concentrations in air, while the less volatile TBOEP and TMPP were 
less frequently detected in air samples. This is likely attributable to their relatively higher vapour 
pressures and lower KOA values (Tao et al. 2016). 
 
Figure 3.3 Atmospheric concentrations (ng/m3) of targeted OPEs and PBDEs in Australian houses and 
offices 
∑8PBDEs concentration ranged from 0.014-0.56 ng/m3, with a median of 0.049 ng/m3. BDE 209 was 
the congener most frequently detected in air samples (96% detection frequency). Lower brominated 
diphenyl ethers were also frequently detected, but hexa- and hepta-BDEs were infrequently detected. 
The high detection frequency of BDE 209 and lower congeners is likely due to the widespread 
presence of BDE-209 in indoor environments and the higher vapour pressure of lower brominated 
diphenyl ethers (English et al. 2016). The high detection frequency of BDE 209 and lower congeners 
is likely due to the widespread presence of BDE-209 in indoor environments and the higher vapour 
pressure of lower brominated diphenyl ethers (English et al. 2016). The lower detection frequencies 
for hexa- and hepta-BDE were possibly due to the lower sampling rates of PUF disk for high 
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molecular congeners (Melymuk et al., 2011). Concentrations for ∑8PBDEs were 0.010-4.4 ng/m3 
(median, 0.049 ng/m3). The median concentrations were lower than those observed in studies from 
the USA (Bennett et al. 2015), Europe (Fromme et al. 2009; Thuresson et al. 2012; Vorkamp et al. 
2011) and China (Ding et al. 2016), but comparable to a previous study in Australia in 2009 (Toms, 
Bartkow, et al. 2009). BDE 209 predominated in house and office air, contributing 76% and 41% to 
∑8PBDEs, respectively. The predominance of BDE-209 matched our previous study (Toms et al. 
2009).  
Concentrations of OPEs in air were generally greater in offices than in houses.  In offices and houses, 
median concentrations of ∑9OPEs were 56 and 23 ng/m3, respectively. In contrast ∑8PBDEs 
concentrations were fairly similar between offices and houses, at 0.045 and 0.061 ng/m3, respectively. 
However, concentrations of penta PBDE congeners, BDE 28 (P=0.02), 47 (P=0.01), 99 (P=0.04), and 
100 (P=0.03) were significantly higher in office air than house air.  We also assessed the relative 
contribution of individual FR congeners to total concentrations in offices versus homes.  A relatively 
high contribution (37%) of BDE 47 was found in office air compared to houses (2%), suggesting that 
penta-BDE sources are more important in offices than homes. 
Similar to dust, significant correlations (P<0.001) were found between the following PBDE 
congeners: BDE 28, 47, 99, 100 (Table S2.6). In addition, significant correlations were found between 
TDCIPP and TCEP (r=0.472, P<0.01). Correlations of BDE 153 and 154 were not assessed, due to 
their low detection frequencies.  
3.3.3 Relationships between indoor dust and air 
In 40 rooms (16 houses and 24 offices), we collected matched dust and air samples in the same area. 
Correlations between dust and air samples for individual FR concentrations were explored.  
A strong correlation (r=0.665, P<0.005) was found in house samples for ∑9OPEs. In addition, 
significant correlations between concentrations of chemicals in air and dust were observed in all 
houses and offices (p<0.05) for the more volatile chemicals, including TCEP (r=0.490, P<0.01), 
TCIPP (r=0.507, P<0.01), TDCIPP (r=0.585, P<0.01), TBOEP (r=0.0.329, P=0.04), BDE 99 
(r=0.530, P<0.01), and BDE 100 (r=0.550, P<0.01) (Fig. 3.4).  
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Figure 3.4 Correlations of flame retardants concentrations in matched air and dust samples, Blom’s Formula 
is defined as (r–3/8)/(w+1/4), where r is the rank and w is the sum of case weights. 
The ratio between dust and air concentration for a given chemical (Cdust/Cair) was used to assess the 
distribution between dust and air (Harrad et al. 2009; Tao et al. 2016). In this study, median values 
of the ratio in homes and offices were linearly associated with KOA values for most of the studied FRs 
(shown in Fig. S2.4), suggesting a thermodynamic equilibrium to exist between air and dust 
concentrations of FRs. Similar relationships were reported by Cequier et al. (2014) for OPEs and 
PBDEs in Norwegian homes and classrooms. The authors concluded that knowledge of 
concentrations of FRs in either air or dust permits prediction of their levels in the other phase, given 
the KOA of the compound in question (Cequier et al. 2014). However, in both office and house 
samples, TBOEP concentrations in dust were higher than would be expected, given the relatively low 
concentrations measured in air.  This could be explained by the short half-time of TBOEP in air (3 
hours for photodegradation) (Wei et al. 2015). Regnery et al. (2010) showed rapid degradation of 
TBOEP by sunlight. Marklund et al. (2005) also found an extremely high dust concentration of 
TBOEP coupled with low atmospheric concentrations in a Swedish prison.  
3.3.4 Relationship between concentrations and indoor products 
Indoor products that were presented in >5% sampled microenvironment, and target chemicals that 
were detected in >50% of the analyzed samples were selected to assess relationships. Due to the 
differences of FR concentrations in house and offices as observed in the previous section, we 
investigated the house and office data separately in this section. The associations between chemicals 
in house dust/air and consumer products are shown in Fig. 3.5, and SI (Table S2.7-S2.10).  
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Figure 3.5 Relationships between FR concentration and some major products in indoor environment 
Significantly higher concentration of TDCIPP (P<0.001, medians of 0.93 and 0.26 μg/g in carpeted 
and uncarpeted houses, respectively) and TCIPP (P=0.03, medians of 7.1 and 1.5 μg/g in carpeted 
and uncarpeted houses, respectively) were found in dust collected from carpeted houses. Higher mean 
concentrations of TDCIPP and TCIPP were also found in carpeted dwellings in Japan (Tajima et al., 
2014, Araki et al., 2014). In houses with air-conditioner, BDE 209 concentrations (median, 2.2 ng/m3) 
were found to be significantly (P<0.01) higher compared to houses without air-conditioners (median, 
0.76 ng/m3). Sun et al. (2016) claimed that BDE 209 could be released from the air-conditioner, 
basing on the fact that higher concentration of BDE 209 in dust collected from the inside of air-
conditioners was found in China. In addition, dust concentration of TBOEP (P=0.01) was higher in 
houses with lamps in the sampling area, and air concentration of EHDPP was higher in houses with 
microwaves in the sampling area. No differences in FR concentrations were observed based on the 
presence of TVs in the sampling area. 
In the workplace, the presence of microwaves was associated with higher levels of TCEP (P=0.05 in 
dust, P=0.02 in air), TBOEP (P=0.02 in air), BDE 47 (P=0.01 in air) and BDE 209 (P=0.03 in air). 
Laptops were also associated with greater TCEP concentrations in air (P=0.01). Moreover, TCEP 
(P=0.01) and TDCIPP (P=0.01) concentrations in air were higher in offices with printers. FRs 
concentrations may be higher in media collected from offices because of the greater quantity of FR 
sources in these microenvironments, including electronic appliances (computers, printers etc.), as 
well as flame retardant treated textiles and furniture.   
Though we found some associations between FRs concentrations and specific products, further 
studies need to be undertaken to confirm such statements. Indeed, associations do not mean causality 
so it is not possible to strongly conclude that a given chemical can be released from a particular 
product, because of (1) the complexity and multiple sources of FRs in indoor microenvironments, (2) 
differences in behaviour (such as degradation and air-dust partition) of individual FRs in 
environmental matrices as a result of their specific physical properties , (3) variations in FR content 
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of products of the same type, and (4) the limitations of the study design and statistical methods, in 
particular the small sample size and multiple statistical tests.  
3.3.5 Human exposure assessments to OPEs and PBDEs  
Human intakes of FRs from inhalation, dust ingestion and dermal contact with dust were separately 
estimated based on eq. 3.1-3.3 (Johnson-Restrepo and Kannan 2009; Harrad et al. 2004; Tajima et al. 
2014). Total intakes for toddlers were also estimated. More attention should be given to toddlers due 
to their frequent hand-mouth contact and “mouthing” toys and other objects in contact with floors 
(Toms et al. 2009; Jones-Otazo et al. 2005). 
We assume that transportation has the same air concentration of FRs as offices, and concentration in 
outdoor air is considered as 0. The fraction of total indoor time was 88 ± 6%. Participants spent 54 ± 
12% of their time in homes. Participants stayed inside the workplace for 29 ± 10% of the time. The 
fraction of total outdoor time was 4 ± 4%. Transportation time accounted for 7.1 ± 3.4% (Lee et al. 
2000). Sleeping hours for Australian adults was 7.3 (Jessica Manousakis 2015). For toddlers, we 
assumed that they spent 90% of time in private houses (Toms, Hearn, et al. 2009). According to 
Australian Health survey in 2012, the average of body weight was 78.5 for adults (18-64 years), and 
76.7 for seniors (65+ years). The median of weight for children was 12.5 kg. The estimated daily 
intakes of FRs via different pathways are listed in Table 3.2. 
Table 3.2 Human intake of OPEs and PBDEs via different pathways in an Australian population 
(pg/kg body weight/day) 
  Inhalation   Dust ingestion   Dust contact   Sum  
RfD value 
  Median   Median   Median  Median 5th%ile 95th%ile  
Adults 
         
 
 
TnBP 400  3.0  13  410 110 25000  2.4 ×106 a 
TCEP 680  23  100  800 200 3600  2.2×106 a 
TCIPP 6600  280  1200  8000 1100 89000  8.0×106 a 
TDCIPP 11  22  110  150 51 1500  1.5×106 a 
TBOEP 28  580  2400  3000 620 19000  1.5×106 a 
TPhP 90  59  220  370 72 2200  7.0×106 a 
EHDPP 39  210  700  950 140 3500  6.0×105 c 
TEHP 3.1  7.4  34  45 40 370  2.9×108 c 
TMPP 3.4  3.7  17  25 7.6 570  1.3×106 a 
∑OPEs 7900  1200  4700  14000 2300 140000   
BDE28 0.42  0.022  0.094  0.53 0.21 8.7  -- 
BDE47 2.0  4.2  16  22 4.2 270  1.0×105 b 
BDE99 0.67  5.0  19  25 3.4 430  1.0×106  b 
BDE100 0.088  0.61  2.3  3.0 0.48 110  1.0×106  b 
BDE153 0.092  0.33  1.2  1.6 0.30 79  2.0×105  b 
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  Inhalation   Dust ingestion   Dust contact   Sum  
RfD value 
  Median   Median   Median  Median 5th%ile 95th%ile  
BDE154 0.092  0.31  1.4  1.8 1.5 66  2.0×105 b 
BDE183 0.092  0.21  1.0  1.3 0.19 39  -- 
BDE209 6.9  53  210  270 52 4100  7.0×106   b 
∑PBDEs 10  64  250  330 62 5100    
Toddlers           
 
TnBP 610  260  43  910 470 42000  2.4 ×106 a 
TCEP 1100  2300  350  3700 1000 31000  2.2×106 a 
TCIPP 5100  22000  3400  30000 6200 170000  8.0×106 a 
TDCIPP 18  3100  490  3600 1000 25000  1.5×106 a 
TBOEP 47  32000  5600  38000 13000 400000  1.5×106 a 
TPhP 120  2400  390  2900 770 26000  7.0×106 a 
EHDPP 34  2900  470  3400 1200 9000  6.0×105 c 
TEHP 4.8  740  120  870 870 2800  2.9×108 c 
TMPP 6.0  420  65  490 130 6300  1.3×106 a 
∑OPEs 7000  66000  11000  84000 24000 710000   
BDE28 0.42  1.7  0.26  2.3 2.1 170  -- 
BDE47 0.84  170  29  200 74 5800  1.0×105 b 
BDE99 0.87  200  35  240 68 11000  1.0×106  b 
BDE100 0.056  25  4.1  29 7.7 2500  1.0×106  b 
BDE153 0.13  13  2.0  15 4.0 1400  2.0×105  b 
BDE154 0.13  26  4.3  31 31 1800  2.0×105 b 
BDE183 0.13  16  3.1  19 2.0 430  -- 
BDE209 14  3300  500  3800 930 61000  7.0×106   b 
∑PBDEs 16  3700  580  4300 1100 84000    
a Van de Eede et al. (2011); 
b EPA (2017); 
c Estimated basing on no observed adverse effect level (NOAEL) values (World Health Organization 2000; Rudel et al. 
2003; Saito et al. 2007; Hartmann et al. 2004).  
The estimated daily intakes (EDIs) of ∑9OPEs and ∑8PBDEs for adults were 14000 pg/kg body 
weight (bw)/day and 330 pg/kg bw/day, respectively. Human EDIs of ∑9OPEs via indoor dust 
(ingestion and dermal contact) were 5900 pg/kg bw/day, while for inhalation it was 7900 pg/kg 
bw/day. The greater contribution via inhalation was attributable to TCIPP, due to its high 
concentration in indoor air. The EDIs of ∑8PBDEs were 10 pg/kg bw/day, 64 pg/kg bw/day and 250 
pg/kg bw/day via inhalation, dust ingestion and dust contact, respectively. Higher EDIs were 
estimated for toddlers, at 84000 pg/kg bw/day for ∑9OPEs and 4300 µg/kg bw/day for ∑8PBDEs. For 
toddlers, dust ingestion had a higher contribution to total EDIs than inhalation for most FRs, except 
for TnBP. For adults, the relative contribution of inhalation versus ingestion varied. For volatile FRs, 
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such as TnBP, TCEP, TCIPP and BDE 28, inhalation was the greatest contributor to total EDI. In 
contrast, dust ingestion was a more important route for less volatile FRs.   
Reference doses (RfDs) for individual FR are listed in Table 3.2. Median EDIs were well under (at 
least < 5% of) the RfD for both adults and toddlers. However, under the worst case scenario (based 
on P 95 concentrations) of TBOEP exposure, the EDI was 26% of the RfD value for toddlers. 
Although the EDIs of most of the FRs studied in this study were under their RfDs, the risk of exposure 
of humans, especially toddlers, to FRs may still be a concern, considering additional intake from other 
sources, including food ingestion. 
3.4 Conclusion 
∑9OPEs concentration was at least 10 times higher than ∑8PBDEs concentration in both dust and air 
samples collected in Australian indoor environments. TBOEP was the predominant FR in dust 
samples, while TCIPP predominated in air samples. The highest concentration of target FRs was 
found in dust that collected from transport, especially in aircraft and trains. This is probably because 
of a higher level of fire safety requirement for materials used for public transportation. Higher 
concentrations of particular FRs were found in rooms with carpet, air-conditioners, computers, and 
printers. Human exposure results suggested that median intake for individual FR were less than 5% 
of reference doses. Inhalation is a more important intake pathway for the volatile FRs, including 
TCEP and TCIPP. 
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Chapter 4: Urinary metabolites of OPEs: concentrations and age trends in Australian children 
 
 
 
 
Chapter 2 and Chapter 3 assessed the external exposure of PBDEs and OPEs by calculating the daily 
intake from dermal contact with dust and inhalation, where we found a much higher concentrations 
of OPEs than the concentrations of PBDEs in environment. This, as well as the fact that there are 
much fewer studies on OPE exposure, makes us focusing on OPEs internal exposure with the specific 
aim to determine levels of OPE metabolites in urine samples collected from Australian population. 
Chapter 4 focuses on the levels of OPE and their metabolites in urine collected from Australian 
children (0-5 years) to assess the age trends and sex differences of OPEs and OPE metabolites. 
 
 
 
The following publication is incorporated as Chapter 4: 
 
Chang He, Leisa-Maree L. Toms, Phong Thai, Nele Van den Eede, Xianyu Wang, Yan Li, Christine 
Baduel, Fiona A. Harden, Amy L. Heffernan, Peter Hobson, Adrian Covaci, Jochen F. Mueller. 
Urinary metabolites of organophosphate flame retardants: concentrations and age trends in Australian 
children. Environment International, 111, 124-130.  
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Abstract 
There is growing concern around the use of organophosphate esters (OPEs) due to their suspected 
reproductive toxicity, carcinogenicity, and neurotoxicity. OPEs are used as flame retardants and 
plasticizers, and due to their extensive application in consumer products, are found globally in the 
indoor environment. Early life exposure to OPEs is an important risk factor for children’s health, but 
poorly understood. To study age and sex trends of OPE exposures in infants and young children, we 
collected, pooled, and analysed urine samples from children aged 0-5 years from Queensland, 
Australia for 9 parent OPEs and 11 metabolites. Individual urine samples (n=400) were stratified by 
age and sex, and combined into 20 pools. Three individual breast milk samples were also analysed to 
provide a preliminary estimate on the contribution of breast milk to the intake of OPEs. Bis(1-
chloroisopropyl) phosphate (BCIPP), 1-hydroxy-2-propyl bis(1-chloro-2-propyl) phosphate 
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(BCIPHIPP), bis(1,3-dichloroisopropyl) phosphate (BDCIPP), dibutyl phosphate (DBP), diphenyl 
phosphate (DPhP), bis(2-butoxyethyl) phosphate (BBOEP), bis(2-butoxyethyl) 3-hydroxyl-2-
butoxyethyl phosphate (3OH-TBOEP), and bis(2-butoxyethyl) hydroxyethyl phosphate (BBOEHEP) 
were detected in all urine samples, followed by bis(methylphenyl) phosphate (80%), and  bis(2-
ethylhexyl) phosphate (BEHP, 20%), and bis(2-chloroethyl) phosphate (BCEP, 15%).  
Concentrations of tris(2-chloroethyl) phosphate (TCEP), BCEP, tris(2-ethylhexyl) phosphate 
(TEHP), and DBP decreased with age, while bis(methylphenyl) phosphate (BMPP) increased with 
age. Significantly higher concentrations of DPhP (p=0.039), and significantly lower concentrations 
of TEHP (p=0.006) were found in female samples compared to males. The estimated daily intakes 
(EDIs) via breastfeeding, were 4.6, 26 and 76 ng/kg/day for TCEP, TBP and TEHP, respectively, and 
were higher than that via air and dust, suggesting higher exposure through consumption of breast 
milk. 
Keywords: organophosphate flame retardants; alternative flame retardants; metabolites; 
biomonitoring; children; exposure assessment. 
 
4.1 Introduction 
For more than four decades flame retardants (FRs) have been added to a variety of consumer products 
to delay combustion and meet flammability standards. Prior to 2004, polybrominated diphenyl ethers 
(PBDEs) were the most commonly used FRs worldwide (Ma et al. 2013). Due to their persistence, 
bioaccumulation, and toxicity, several major commercial mixtures of PBDEs, including Penta-BDE, 
Octa-BDE, and Deca-BDE were banned in parts of Europe and North America in the 2000’s (Alaee 
et al. 2003). The phase-out of PBDEs led to increasing use and production of alternative flame 
retardants, such as organophosphate esters (OPEs) (Butt et al. 2014; van der Veen and de Boer 2012), 
some of which are also used as plasticizers (van der Veen and de Boer 2012). There is evidence that 
certain OPEs are reproductive toxins, carcinogenic, and neurotoxic (World Health Organization 1998, 
1991a, 1991b; van der Veen and de Boer 2012), with comparable toxicity to some traditional FRs 
(i.e. 3,3’,5,5’-tetrabromobisphenol A, and 2,2’,4,4’-brominated diphenyl ether) (Behl et al. 2015). 
Only limited epidemiological studies of human exposure are available, but these have reported an 
association between OPE exposure and decreased free thyroxine levels and semen quality parameters 
in adults (Meeker and Stapleton 2010; Egloff et al. 2014).  
Since OPEs are additive FRs, they are not chemically bound to the carrier material and can leach over 
time into indoor and outdoor environments (van der Veen and de Boer 2012; Marklund et al. 2003). 
We have recently reported high concentrations of tris(2-butoeyethyl) phosphate (TBOEP) and tris(2-
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chloroisopropyl) phosphate (TCIPP) in Australian indoor air and dust, and high detection frequencies 
for other OPEs (He et al. 2018). As people spend more than 90% of their time indoors, they are 
exposed to a broad range of OPEs, and dermal exposure via dust is generally regarded as a primary 
exposure pathway. Children may be more highly exposed due to their proximity to the ground, lower 
breathing zone, and hand-to-mouth behaviour (Toms et al. 2009; Brasche and Bischof 2005; 
Heffernan et al. 2013; Xue et al. 2007). 
Due to the short half-lives of many OPEs (World Health Organization 1998; van der Veen and de 
Boer 2012), it may be difficult to detect parent compounds in biological matrices. Therefore, the 
presence of OPE metabolites in urine offers more suitable targets for analysis. In vitro studies with 
human liver microsomes have shown that OPEs are readily metabolized to their dealkylation and 
hydroxylation metabolites (Van den Eede et al. 2013; Van den Eede et al. 2015; Van den Eede et al. 
2016; Ballesteros-Gómez et al. 2015). These metabolites have recently been detected in human urine 
(Van den Eede et al. 2015; Cooper et al. 2011; Butt et al. 2016; Butt et al. 2014). Further, there is a 
good correlation between concentrations of major OPE metabolites in urine and their respective 
parent compounds measured in dust (Meeker  et al. 2013; Fromme et al. 2014; Cequier et al. 2015), 
with some exceptions (Carignan et al. 2013; Dodson et al. 2014), suggesting that these metabolites 
can be used as suitable biomarkers of exposure to specific OPEs. Although, some studies (Carignan 
et al. 2013; Dodson et al. 2014) observed weak correlations or non-correlations for OPEs in dust and 
urine, most studies considered dermal absorption as a primary exposure pathway for OPEs (Hoffman 
et al. 2015; Abdallah and Covaci 2014; Abdallah et al. 2016). The target parent and metabolite OPEs 
and their acronyms are listed in Table 4.1. 
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Table 4.1 Summary statistics for concentrations of OPE parent and metabolites in pooled urine samples. 
Full name 
Abbreviati
on 
DF a 
(%) 
MDLb 
(ng/mL) 
Pooled 
mean 
(ng/mL) 
Range 
(ng/mL) 
 
Parent OPE      Target metabolites 
tris(2-chloroethyl) phosphate TCEP 45 0.022 <0.022 <0.031-0.90 BCEP 
tris(2-chloroisopropyl) 
phosphate 
TCIPP 0 1.3 <1.3 n.d. BCIPP, BCIPHIPP 
tris(1,3-dichloroisopropyl) 
phosphate 
TDCIPP 45 0.014 <0.014 <0.022-0.069 BDCIPP 
tributyl phosphate TBP 0 7.5 <7.5 n.d. DBP 
tris(2-ethylhexyl) phosphate TEHP 45 0.030 <0.030 <0.040-0.61 BEHP 
tris(2-butoxyethyl) phosphate TBOEP 0 0.26 <0.26 n.d. 
BBOEP, 3OH-
TBOEP, 
BBOEHEP 
triphenyl phosphate TPhP 5 0.31 <0.31 <0.50-0.56 DPhP 
2-ethylhexyl diphenyl 
phosphate 
EHDPP 25 0.16 <0.16 <0.44-1.4 DPhP 
tris(methylphenyl) phosphate TMPP 35 0.010 <0.010 <0.010-0.020 BMPP 
OPE metabolites      Specific metabolite 
bis(2-chloroethyl) phosphate BCEP 15 0.014 <0.014 <0.014-0.036 Yes 
bis(1-chloroisopropyl) 
phosphate 
BCIPP 100 0.039 0.85 0.063-3.2 Yes 
1-hydroxy-2-propyl bis(1-
chloro-2-propyl) phosphate 
BCIPHIPP 100 0.0020 0.43 0.11-2.1 Yes 
bis(1,3-dichloroisopropyl) 
phosphate 
BDCIPP 100 0.0034 2.6 1.6-19 Yes 
dibutyl phosphate DBP 100 0.051 0.18 0.013-0.55 Yes 
bis(2-ethylhexyl) phosphate BEHP 10 0.16 <0.16 <0.41-0.61 Yes 
bis(2-butoxyethyl) phosphate BBOEP 100 0.0033 0.32 0.085-0.78 Yes 
bis(2-butoxyethyl) 3-
hydroxyl-2-butoxyethyl 
phosphate 
3OH-
TBOEP 
100 0.0027 0.029 0.016-0.063 Yes 
bis(2-butoxyethyl) 
hydroxyethyl phosphate 
BBOEHEP 100 0.0025 0.075 0.014-0.15 Yes 
diphenyl phosphate DPhP 100 0.22 25 0.33-58 No 
bis(methylphenyl) phosphate BMPP 80 0.0022 0.024 
<0.0039-
0.093 
Yes 
a: DF= detection frequency; n.d. = not detected. 
b: MDL= Method limits of detection 
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Human biomonitoring using pooled biological samples of serum or urine is an established paradigm 
for cross-sectional monitoring of population exposure (Heffernan et al. 2014; Thomas et al. 2017; 
Drage et al. 2017). Van den Eede et al. (2015) used pooled urine samples to assess exposure to OPEs 
in an Australian population and reported an inverse association between urinary concentrations of 
DPhP, BCIPHIPP, and BDCIPP and age. However, child-specific exposure pathways, and estimated 
daily intakes (EDIs) were not examined. The aim of this study was to further investigate the age and 
sex trends of OPEs in infants and young children <5 years in Australia using pooled urine samples, 
and to provide the first preliminary EDI assessment of OPEs via breastfeeding.  
4.2 Materials and methods 
4.2.1 Materials 
TDCIPP, TBP, TEHP, TBOEP, TPhP, TMPP, DPhP standards were purchased from Sigma-Aldrich 
(St Louis, MO, USA). TCIPP was purchased from Dr. Ehrenstorfer (Augsburg, Germany). BCEP, 
BCIPP, BDCIPP, DBP, BEHP, BBOEP, and BMPP were purchased from TRC (Toronto, Canada). 
TCIPP-d18, TBP-d27 and TPhP-d15 were purchased from Cambridge Isotope laboratories Inc 
(Andover, MA, USA). BCIPHIPP, BBOEHEP, 3OH-TBOEP, TBOEP-d6, DPhP-d10, BCEP-d8 and 
BDCIPP-d10 were provided by the Toxicological Center (University of Antwerp, Belgium). Ultra-
pure water was obtained from a Milli-Q system (Merck Millipore, MA, USA), β-glucuronidase, 
triethyl amine, sodium acetate, and acetate acid were purchased from Sigma; StrataX-AW cartridges, 
RC-cellulose syringe filters (0.2 µm) were purchased from Phenomenex Inc. (Torrance, CA, USA), 
and acetonitrile was purchased from Merck (Darmstadt, Germany). 
4.2.2 Study population and sample collection 
Sample collection was undertaken using a methodology described previously (Heffernan et al. 2016). 
Briefly, de-identified individual specimens were obtained from a community-based pathology 
laboratory (Sullivan Nicolaides Pathology, Taringa, Queensland, Australia) from December 2014 to 
December 2015. Specimens were collected in sterile polyethylene urine specimen containers and 
stored at - 20 °C until pooling. Individual breast milk samples (n=3) were donated by three different 
participants in South East Queensland. The women collected their breast milk using a breast pump as 
described by Sundkvist et al. (2010). The milk was placed in a pre-washed glass bottle and stored at 
- 80 °C until analysis. This work was approved by the University of Queensland Ethics Committee 
(approval number 2013000397; 2015000153). 
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4.2.3 Pooling protocol 
Descriptive information about each specimen was limited to date of birth, sex and date of the sample 
collection of the individual. The age strata were: 0-1, 1-2, 2-3, 3-4, and 4-5 years, where 20 
individuals contributed to a single pool (n=20 pools), with 4 pools per strata (2 pools for male and 2 
for female, 80 individual samples per age group). Each individual in the pool contributed the same 
volume, thus, the concentration of each pooled sample is equivalent to the arithmetic mean of the 
concentration in each individual sample contributing to the pool (Caudill 2008). An inherent 
limitation of this approach is that pooled samples cannot be used to describe population variance 
(Heffernan et al. 2014).  Urinary concentrations for urine samples pooled by volume are reported as 
ng/mL, as neither creatinine nor specific gravity measurements were available prior to pooling.  
4.2.4 Analytical methods 
Samples were analysed using a modification of a previously published method (Van den Eede et al. 
2015). Briefly, 2 mL urine was fortified with mixed internal standards (20 ng each), buffered with 
0.7 mL sodium acetate (pH=5, 1M), and digested overnight with 100 μL of enzyme solution (1000 
units per mL, β-glucuronidase) at 37 °C. Samples were extracted using StrataX-AW cartridges 
conditioned with 2 mL acetonitrile and 2 mL water. After loading the sample, cartridges were rinsed 
with 2 mL water and the analytes eluted with 2 mL of 5% triethyl amine in acetonitrile. The eluate 
was filtered through a 0.2 μm filter, concentrated under a gentle stream of nitrogen to near dryness, 
and resuspended in 100 μL 5% acetonitrile in water.  
Samples were analysed by liquid chromatography tandem mass spectrometry (LC-MS/MS) using a 
Shimadzu Nexera HPLC system (Shimadzu Corp., Kyoto, Japan) coupled to an AB Sciex 6500 
QTRAP in electrospray ionization mode. Separation was achieved using a 50 x 2.1 mm, 2.5 µm 
Synergi Fusion-RP Column (Phenomenex, Torrance, CA) maintained at 45 °C, and a flow rate of 0.4 
mL/min. Mobile phase composition was A: 0.1% acetic acid in methanol-water (5:95, v/v) and B: 
0.1% acetic acid in methanol-water (95:5, v/v). A quadratic gradient profile was used, starting at 0% 
B, ramped to 100% B in 7.5 min then held at 100% for 3.5 min followed by equilibration at 1% B for 
3 min. The MS was operated in both positive and negative ion multiple reaction-monitoring mode. 
Quantitation was performed via isotope dilution. MS/MS parameters can be found in the 
Supplemental material (Table S3.1).  
Details of the analytical method of OPE parent compounds for breast milk samples were described in 
a previous paper (Kim et al., 2011). Briefly, 2 mL of breast milk was fortified with a mix solution of 
internal standards (10 ng each) and freeze-dried for 48 h. The lypholized sample was then extracted 
with a mixture of hexane and acetone (1:1, v/v) using an Accelerate Solvent Extractor (Thermo 
 75 
 
ScientificTM DionexTM ASETM 350 system) and reduced to 2 mL under a gentle stream of nitrogen. 1 
mL of the extract was used for gravimetrical lipid measurement and the remaining 1 mL subjected to 
further clean up. To remove lipids, the extract was purified via gel permeation chromatography, 
followed by silica gel and alumina clean up using self-packed cartridges (from bottom to top, frit, 
deactivated neutral alumina (3.0 g), deactivated neutral silica gel (2.5 g), Na2SO4 (2.0 g), and frit) 
eluted by 52 mL hexane and dichloromethane (1:1, v/v). The purified extract was concentrated to 
near dryness using a gentle stream of nitrogen, and solubilized in 1 mL 5% acetonitrile in water. 
Extracts were filtered through a 0.2 μm filter into a glass vial before analysis by HPLC-MS/MS. 
4.2.5 Quality control for urine analysis 
A quality control (QC) material was produced using pooled urine from several adult volunteers. High 
(n=3) and low (n=3) QCs were prepared at 2.0 and 6.0 ng/mL, respectively, for all metabolites and 
parent OPEs (except DBP and DPhP at 20 and 60 ng/mL, respectively), with accuracies of 102±20% 
and 94±14%, respectively (Table S3.2). Procedural blanks (ultrapure water, n=6) were processed and 
analysed parallel to urine samples, and blank correction was applied for each analyte by subtracting 
the average blank concentration (0-1.1 ng/mL, Table S3.2) Method limits of detection (MDL) were 
calculated as the average concentration of procedural blanks (n=6) plus three times the standard 
deviation (SD) of the blanks. For analytes not present in the blanks, MDLs were calculated from 
signal/noise ratio of 10 (Table 4.1). 
4.2.6 Data analysis 
As biomonitoring data typically has a log-normal distribution at the population level, all 
concentrations were log-transformed prior to analysis. For pooled samples, the effect of age and sex 
on log-transformed OPE concentration was investigated using second-order polynomial regressions. 
Mann-Whitney was used to examine differences in OPE concentration between males and females, 
and Spearman rank correlation was used to examine correlations between analytes. Criteria for 
significance was set at p<0.05. Statistical analysis was carried out using SPSS 24.0 (Chicago, USA) 
software package for Windows. A value of MDL/2 was used for all values below MDLs. For 
chemicals with more than one isomer, including TBP, TMPP, DBP and BMPP, the sum concentration 
of all isomers was used for further calculations. 
Assuming that OPEs are 100% accessible for absorption from a milk matrix, OPE exposure via 
breastfeeding was estimated using eq. 4.1. 
            EDIB= VBM ×C/BW                                                            (eq.4.1) 
where EDIB is the estimated daily intake via breastfeeding (ng/kg/day), VBM is daily intake of breast 
milk (mL/day), C is the concentration of OPEs in breast milk (ng/mL), and BW is body weight (kg). 
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4.3 Results and discussion 
4.3.1 Concentration of OPEs in urine 
Nine OPE parent chemicals were studied. TCEP, TDCIPP, TEHP, TMPP and EHDPP were detected 
in a small number of samples (25-45% samples), with the highest concentration of 0.90, 0.069, 0.61, 
0.020, and 1.4 ng/mL, respectively (Table 4.1). TPhP was detected in only one pooled samples, with 
a concentration close to the MDL. Due to the low detection frequency, this value was not included in 
any further discussion. TCIPP, TBP, and TBOEP were not detected in any samples. TCEP 
concentrations in this study are in the range of previously reported levels in Australian children 
(<0.50-25 ng/mL) (Van den Eede, Heffernan, et al. 2015), but there is no comparable data available 
for the other parent compounds.  
4.3.2 Concentration of OPEs metabolites in urine 
Eight OPE metabolites (BCIPP, BCIPHPP, BDCIPP, DBP, BBOEP, 3OH-TBOEP, BBOEHEP, and 
DPhP) were detected in all urine samples, followed by BMPP (80%), BCEP (15%), and BEHP (10%) 
(Table 4.1). Specific metabolites are discussed in detail below. 
DPhP 
DPhP was detected at the highest concentration of all analytes, and across all pools, with a mean 
concentration of 25 ng/mL. This concentration is in the same range to that previously reported for the 
Australian population (30 ng/mL, pooled samples of 0-5 years old) (Van den Eede et al. 2015), but is 
one to two orders of magnitude higher than in children in USA (median of 1.0 ng/mL 0-5 years, and 
1.0 ng/mL for 0-1.5 years) (Butt et al. 2014; Hoffman et al. 2015) and Norway (median of 1.1 ng/mL, 
6-12 years) (Cequier et al. 2015) (Table S3.3). The higher concentration in Australian children 
suggests greater exposure to DPhP, or its parent chemicals, such as TPhP, EHDPP, and other OPEs, 
which may be due to higher concentrations in Australian house dust, but may also be due to greater 
exposure to other aryl phosphorus compounds (Van den Eede et al. 2013; Ballesteros-Gómez et al. 
2015). A previous study of Australian indoor dust concluded that DPhP in dust accounts for a 
maximum urinary concentration of 0.05 ng/mL (Van den Eede et al. 2015). Additionally, TPhP and 
EHDPP were detected at only low concentrations in Australian indoor air and dust (He et al. 2018), 
and are therefore unlikely to be contributing to the high DPhP levels seen in Australian children. The 
most likely explanation is exposure to other aryl OPEs, such as bisphenol-A bis(diphenyl phosphate), 
resorcinol bis(diphenyl phosphate), or isodecyl diphenyl phosphate, which have the potential to form 
DPhP after being hydrolysed. While no usage data of OPEs is currently available for Australia, it is 
possible that there is increasing prevalence of isopropylated triphenyl phosphate and tertbutyl-phenyl 
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diphenyl phosphate as replacement chemicals for PBDEs, as previously reported in some US studies 
(Ballesteros-Gómez et al. 2015; Butt et al. 2014; Hoffman et al. 2017), which may generate DPhP 
after hydrolysis and explain high levels of DPhP.  
BCIPP, BCIPHIPP and BDCIPP 
BCIPP, one of the major metabolites of TCIPP, was detected in 100% of the pools and ranged from 
0.063-3.2 ng/mL (mean of 0.85 ng/mL). In our study, BCIPP was more frequently detected, but in 
the same concentration range as children from the USA (DF, 4%; range, <0.12-0.46 ng/mL; and DF 
19%; range, 0.02-1.9 ng/mL) (Butt et al. 2014; Hoffman et al. 2015). This may be explained by use 
of a more sensitive analytical method in our study. BCIPHIPP was also detected in all samples, with 
a mean concentration of 0.43 ng/mL, and is consistent with the results reported in other countries 
(Van den Eede et al. 2015; Hoffman et al. 2017). There was no significant correlation between BCIPP 
and BCIPHIPP concentrations in pools (ρ= -0.183, P=0.439). Furthermore, the highest concentration 
of BCIPP was found in children of 4-5 years old, but BCIPHIPP was not detected in these pools. This 
may suggest age-dependant exposure sources or metabolism of these compounds. 
BDCIPP, the major metabolite of TDCIPP, was detected in all urine pools, with a range of 1.6-19 
ng/mL (mean of 2.6 ng/mL). This is higher than studies conducted in Norway (DF, 61%; range, 
<0.12-3.7 ng/mL) (Cequier et al. 2015), but similar to that in USA (DF, 100%; range, 3.2-9.7; and 
DF, 100%; range, 0.2-104 ng/mL) (Butt et al. 2014; Hoffman et al. 2015).  
BBOEP, 3OH-TBOEP, and BBOEHEP 
BBOEP, 3OH-TBOEP, and BBOEHEP are the major metabolites of TBOEP (Van den Eede, Erratico, 
et al. 2015), and were detected in 100% of pools. Of these, BBOEP had the highest concentration 
ranging from 0.085-0.78 ng/mL, with the mean of 0.32 ng/mL. Mean concentrations of BBOEHEP 
and 3OH-TBOEP were 0.075 and 0.029 ng/mL, respectively (Table 4.1). Concentrations of BBOEP 
and BBOEHEP were significantly correlated with each other (P=0.036), but not with 3OH-TBOEP, 
likely due to low formation rate of 3OH-TBOEP (Van den Eede et al. 2015), low hydrophilicity, and, 
consequently, its low concentration in the samples. BBOEP in this study was similar to that in the 
Norwagian children (DF, 32%, range, <0.18-1.0 ng/mL) (Cequier et al. 2015). It was worth noting, 
however, that all three TBOEP metabolites were detected in 100% of urine pools. This detection 
frequency was higher than the detection frequency of BBOEP in the other countries mentioned above, 
and could be explained by use of pooled samples, or the lower MDLs in the present study. 
Considering the high detection frequency in the Australian population, and recent evidence of TBOEP 
in Australian indoor air samples (He et al. 2018), this suggests that TBOEP is ubiquitous in the 
Australian environment. 
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Other metabolites 
DBP was detected in all samples, ranging from 0.013-0.55 ng/mL, which was similar to that in 
children in the USA (DF, 56%, range, <0.08-0.45 ng/mL) and Norway (DF, 15%, range, <0.12-0.87 
ng/mL) (Dodson et al. 2014; Cequier et al. 2015), but 10 times lower than the concentration in 
potentially occupationally exposed aircraft crews (Schindler et al. 2013, 2014). BMPP was detected 
in 80% of samples, ranging from <0.010-0.093 ng/mL, with the mean of 0.024 ng/mL. There is no 
other study reporting the concentration of BMPP in children, but our result is lower than the 
concentrations in Canadian adults (DF, 75.1%, range <0.13-4.38 ng/mL) (Kosarac et al. 2016). BCEP 
was detected in 15% of the samples, with a maximum concentration of 0.036 ng/mL. Our result is 
slightly lower than the concentrations in adults reported in US (DF, 75%, range, <0.1-2.1 ng/mL) 
(Dodson et al. 2014), Canada (DF 100%, <0.16-12.33 ng/mL; D, 37.5%, range <0.15-1.25 ng/mL) 
(Su et al. 2015; Kosarac et al. 2016), Belgium (DF, 27%, range <1.2-9.5 ng/mL) (Van den Eede et al. 
2013), suggesting a lower exposure to TCEP in Australia. BEHP was detected infrequently (10%) in 
our samples, with a maximum concentration of 0.61 ng/mL, which is in accordance with previously 
reported results (Su et al. 2015).  
4.3.3 Ratios of parent OPEs to urinary metabolites 
The highest concentration of TCEP in this study was 0.90 ng/mL, which is 25 times higher than that 
of BCEP. This indicates that only a small proportion of TCEP is converted to BCEP, and is supported 
by a previous in vitro study (Van den Eede et al. 2013). Together, this justifies use of TCEP as a 
biomarker of exposure (Dodson et al. 2014).  
The maximum concentration of TEHP was similar to that of BEHP, one of the major dealkylation 
metabolites. But considering the higher detection frequency of TEHP, it may be useful to include 
both TEHP and BEHP in future human biomonitoring studies. For the other OPEs, including TCIPP, 
TDCIPP, TBP, TPhP, TMPP, EHDPP, and TBOEP, their concentrations were lower than the related 
metabolites. The limited presence of these parent OPEs suggests that the metabolites are more suitable 
to be used in biomonitoring. 
TDCIPP was detected in 45% of the samples, while BDCIPP, its major metabolite, was detected in 
100% of the samples. But, there is no significant correlation between TDCIPP and BDCIPP 
concentration in urine (ρ=0.220, P=0.351). The highest concentrations of TDCIPP were found in 
children aged from 1-3 years old, while 3-5 years old children have higher concentrations of BDCIPP. 
The lack of correlation between the parent and metabolite concentrations across the age groups may 
indicate differences in metabolic rates and exposure pathways at different ages. 
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4.3.4 Sex differences in OPE exposure 
Significant differences between pools from female and male children were found for DPhP (p=0.029) 
and TEHP (p=0.002), with higher concentrations of DPhP in females (Fig. 4.1). Moreover, higher 
mean concentrations of all detected metabolites, except for BCIPHIPP, were found in females versus 
males. This is consistent with reported differences in DPhP and BCDIPP in adults (Hoffman, 
Garantziotis, et al. 2015). The largest sex difference in DPhP concentrations was found for the 2-3 
year old age group (means of 53 and 210 ng/mL for boys and girls, respectively). Although nail polish 
has been identified as an exposure source of TPhP (Mendelsohn et al. 2016), data on frequency of 
nail polish use in young girls is unavailable. It is likely that child-specific behaviours such as 
mouthing hands and objects could increase TPhP exposure in this age group. In contrast, all the 
frequently detected parent OPEs, including TCEP, TDCIPP and TEHP, were measured at higher 
concentrations in male pools, though only TEHP results were statistically significant (p=0.002). Male 
and female children at this age may display different behaviours, e.g. boys played with blocks and 
manipulated objects significantly more than girls (Bokhorst et al. 2003), that may result in sex-
specific exposures to OPEs. Also, sex specific differences in metabolic rates may also result in the 
different concentrations of OPE metabolites. 
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Figure 4.1 Urinary concentrations of different OPE parents/metabolites vs age. The horizontal axis is the 
average age (years) of individual samples in each pooled urine sample, and the vertical axis shows the 
concentration of each chemical (ng/mL). The curvilinear regression lines (solid line) with 95th confidence 
intervals (dotted lines) are presented. 
 
4.3.5 Age differences and contribution from breastfeeding 
To investigate the effect of age on OPE concentration, the concentration for each chemical was plotted 
against the average age of each pooled sample (Fig. 4.1). TCEP (BCEP), DBP, and TEHP were all 
found to decrease with increasing age, suggesting there may be some specific early-life exposure 
source, such as breastfeeding. Indeed, TCEP, TBP (parent compound of DBP) and TEHP have been 
previously detected in breast milk (Kim  et al. 2014; Sundkvist  et al. 2010). To estimate the potential 
contribution of breastfeeding to early-life OPE exposure, we analysed the concentration of parent 
OPEs in breast milk from 3 participants in South East Queensland, Australia. TCEP, TBP and TEHP 
were measured in breast milk with the concentration ranges of <0.13-0.47, 0.26-2.1 and 1.2-6.2 
ng/mL, respectively (Table 4.2). Assuming a daily intake of 450 mL breastmilk for infants 0-1 years 
old (Grote et al. 2016), breastfeeding would result in average estimated daily intakes (EDIs) of 4.6, 
26 and 76 ng/kg/day for TCEP, TBP and TEHP, respectively (Fig. 4.2). 
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Figure 4.2 Estimated daily intake (ng/kg body weight/day) of OPEs via breastmilk and air/dust. 
Concentrations of OPEs reported by Sundkvist et al. (2010) and Kim et al (2011) are also included, and 
concentrations in air and dust are reported by He et al (2018). For chemicals above the shaded areas (20% - 
500% difference), EDIs via breastfeeding is higher than that via dust and air for infants. 
  
Previously reported EDIs derived from indoor air and dust are considerably lower, at 0.87 and 0.75 
ng/kg/day for TBP and TEHP, respectively, and slightly less for TCEP (3.3 ng/kg/day) (He et al. 
2018). Similarly, OPEs are detected rarely in solid foods, with the exception of some seafood, and 
typically contribute <10% of the EDIs via breast milk (Xu  et al. 2015; Cequier et al. 2015). Once 
solids are added to a child’s diet and breastfeeding cease, the total intake of OPEs from dietary sources 
would decrease. Thus, our results suggest that the higher levels of TCEP, TBP and TEHP in the 
youngest children are due to exposure through consumption of breast milk. There was no significant 
association between DPhP, BCIPP, or BCIPHIPP urinary concentrations and age. The use of 
individual specimens to estimate population variance, rather than estimates of population mean from 
pooled samples, may help elucidate this association in future studies. Alternatively, there are factors 
other than age, such as breastfeeding, that contribute to exposure. The EDIs of TPhP, EHDPP, and 
TCIPP via breastfeeding were higher than that via air and dust (He et al. 2018), resulting in an early 
exposure for infants. Further, use of OPEs in consumer products would also influence measured 
concentrations. For example, TPhP was frequently detected in baby products, including teething toys, 
highchairs, etc.  (Stapleton et al. 2011), and oral or dermal contact with these products will be different 
in older children.   
In contrast, BMPP concentration increased with age, though breastfeeding contributed more than 
air/dust. TMPP, the parent of BMPP, is mostly used in hydraulic fluids (Wei  et al. 2015) and as a 
plasticizer in polyvinyl chloride (van der Veen and de Boer 2012). Older children are more mobile, 
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and have greater hand-to-mouth frequency, and thus have increased contact with plastics, such as in 
toys.  
Table 4.2 OPE concentrations in breast milk (ng/mL), and the estimated EDIs (ng/kg bw/day) via 
breastfeeding  
Chemical MDL Sample #1 Sample #2 Sample #3 
EDI via 
breastfeeding a 
TPhP 0.19 0.84 0.34 0.56 0.27 
EHDPP 0.84 <0.84 <0.84 <0.84 15 
TBP 0.030 0.26 0.62 2.1 26 
TCEP 0.26 0.26 <0.13 0.47 4.6 
TCIPP 2.4 <2.4 5.3 14 220 
TMPP 0.034 0.30 0.23 0.21 7.6 
TDCIPP 0.053 <0.053 0.069 0.14 4.0 
TBOEP 0.12 0.14 <0.12 3.0 66 
TEHP 0.66 1.2 2.7 6.2 76 
a: EDI was calculated by daily intake of breast milk (450 mL) times the concentration of OPEs in breast milk, and divide body weight 
(12.5 kg). 
The highest concentration of TDCIPP was found in urine samples collected from 1-2 year old 
children. But for its metabolite, BDCIPP, whose concentrations are 2 orders of magnitude higher than 
TDCIPP, there was a slight increase with age. The different trends of TDCIPP and its metabolites 
may be caused by the limited detection frequency of TDCIPP. Considering the trend in BDCIPP, 
together with the similar EDIs via breastfeeding and inhalation/dermal contact, we believe that 
exposure to TDCIPP will slightly decrease with age, due to a combined impact of breastfeeding 
cessation and inhalation/dermal contact. In a recent study, TDCIPP was frequently detected in baby 
products such as toys, jumpers, seats, etc., and the number of these products was associated with the 
BDCIPP concentrations in infants’ urine (Stapleton et al. 2011). Toddlers, especially those in the 1-
2 year old group are more mobile than infants and exhibit hand-to-mouth behaviours (Juberg et al. 
2001), which could potentially increase exposure to TDCIPP.   
Similarly, higher concentrations of BBOEP were found in samples collected from children aged from 
1-2 years old, suggesting that toddlers in this age group had greater exposure to TBOEP. TBOEP is 
commonly used as a polisher in floor finishing products (Brandsma et al. 2014; Kajiwara et al. 2011), 
and the type of the floor was found to have an important effect on the concentrations of TBOEP in a 
house (Araki et al. 2014). The high concentration in toddlers (1-2 years old) might be explained by 
the contact with the floor, where most toddlers would crawl and play, and at this young age, mouthing 
objects is more frequent than older children (Xue et al. 2007). Thus, their exposure to dust from floors 
and objects on ground level is a more important exposure way for TBOEP for these children. 
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4.4 Conclusions 
In this study, we characterised the OPE exposure in Australian children aged 0 – 5 years. BCIPP, 
BCIPHIPP, BDCIPP, DBP, DPhP, BBOEP, 3OH-TBOEP, and BBOEHEP were detected in all 
samples. DPhP was found at the highest concentration, with a pooled mean of 25 ng/mL. Several 
parent OPEs, including TCEP, TDCIPP, TEHP, and TMPP, were also detected in our study. The 
concentration of TCEP is comparable to the concentration of BCEP, which is the major metabolite. 
Sex differences for parents and metabolites were found for DPhP and TEHP. This study presents the 
first data on urinary concentrations of 3OH-TBOEP, BBOEHEP, and several parent OPEs worldwide. 
We found negative association with age for TCEP, BCEP, TEHP and DBP. Estimated daily intakes 
from our preliminary breast milk analysis suggest that breastfeeding is the dominant exposure 
pathway for TCEP, TEHP and TBP in infants and toddlers.  
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Chapter 5: Concentrations of OPE in Urine from Young Children in Queensland, 
Australia and Associations with Environmental and Behavioural Factors 
 
 
 
 
In Chapter 4, the overall levels of OPE metabolites have been released. Age has been identified 
as a determinant of OPE metabolites for Australian kids. However, there are more factors, i.e. 
environmental factors, behavioural factors, etc. that are not able to be identified in pooled urine 
samples. Thus, we decided to use individual urine samples, together with an online-
questionnaire system to investigate the associations of urinary concentration of OPEs with 
these factors.  
 
 
The following publication is incorporated as Chapter 5: 
 
Chang He, Karin English, Christine Baduel, Phong Thai, Paul Jagals, Robert S. Ware, Yan Li, 
Xianyu Wang, Peter D. Sly, Jochen F. Mueller. Concentrations of Organophosphate Flame 
Retardants and Plasticizers in Urine from Young Children in Queensland, Australia and 
Associations with Environmental and Behavioural Factors. Environmental Research 164, 262-
270. 
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Abstract 
In recent years, the production and usage volumes of organophosphate flame retardants (OPEs) 
has increased substantially. Certain OPEs are suspected reproductive toxins, carcinogenic, and 
neurotoxic. Insufficient information is available on human exposure pathways to these 
chemicals, particularly in Australia. We aim to assess the association between OPE 
concentrations in the urine of children to environmental and behavioural risk factors. 
Concentrations of eight OPEs and eleven metabolites were measured in the urine of 51 
children, aged 3 to 29 months, in Southeast Queensland, Australia and compared to their 
behavioural and environmental risk factor data obtained by an online questionnaire. Of the 11 
OPE metabolites analysed, 55% were frequently detected in the majority (>80%) of samples. 
The most frequently detected metabolite was bis(1,3-dichloroisopropyl) phosphate (BDCIPP) 
(detected in 100% of samples), followed by 1-hydroxy-2-propyl bis(1-chloro-2-propyl) 
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phosphate (BCIPHIPP) (96%), diphenyl phosphate (DPhP) (94%) and bis(1-chloroisopropyl) 
phosphate (BCIPP) (86%). In multivariable modelling, age was positively associated with 
concentrations of bis(2-butoxyethyl) phosphate (BBOEP) and negatively associated with 
concentrations of BCIPP and BCIPHIPP. Other non-age related factors, including vacuuming 
frequency, hand-washing frequency and presence and number of some electrical appliances in 
the home were also associated with concentrations of OPE metabolites.  
 
Keywords: alternative flame retardants; plasticizer; early exposure; breastfeeding 
 
5.1 Introduction 
The phase-out of polybrominated diphenyl ethers (PBDE), because of environmental and 
human health concerns, contributed to the development and use of alternative flame retardants 
including organophosphate-based flame retardants (OPEs) (Butt et al. 2014; van der Veen and 
de Boer 2012). In 2006, the global use of OPEs was 465,000 tons (van der Veen and de Boer 
2012), and is projected to increase to 2.8 million tons in 2018 (Israel Chemicals Ltd 2015). 
OPEs are used in a wide array of consumer products and have numerous applications in 
transport and the built environment as flame retardants, plasticizer and hydraulic fluids (van 
der Veen and de Boer 2012). OPEs are semi-volatile organic compounds that can contaminate 
the indoor and outdoor environments via repeated cycles of adsorption (to dust and other 
media) and volatilisation (Shoeib et al. 2014; Abdallah and Covaci 2014). There is limited 
human epidemiological data regarding OPE exposure and health outcomes (Canbaz et al. 2016; 
Meeker  and Stapleton 2010; Preston et al. 2017; Meeker et al. 2013).  However, from cell and 
animal studies some OPEs have been shown to affect immune, reproductive, endocrine and 
neurological systems, as well as acting as carcinogens (van der Veen and de Boer 2012).  
Human exposure to these compounds generally occurs via ingestion of contaminated dust, 
inhalation of volatilised OPEs and ingestion of food contaminated with OPEs (Xu et al. 2016; 
Hoffman, Garantziotis, et al. 2015; Cequier et al. 2015). Patterns of exposure are expected to 
vary amongst specific OPEs, due to their unique physicochemical properties, as well as their 
different patterns of application (Table 5.1). For example, for infants and toddlers, 
breastfeeding is the predominant pathway of exposure to TnBP, TCIPP and TEHP, while 
dermal contact is the main pathway for TDCIPP and TBOEP (He, Toms, et al. 2018; He, Wang, 
et al. 2018).  
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Human biomonitoring of organophosphate exposure is challenging, as OPEs in biota have 
relatively short half-lives (hours to days) (van der Veen and de Boer 2012; World Health 
Organization 1998). In vitro studies with human liver microsomes have shown that OPEs are 
readily metabolized to dealkylated and hydroxylated metabolites (Van den Eede et al. 2013; 
Van den Eede, Erratico, et al. 2015; Van den Eede et al. 2016; Ballesteros-Gómez et al. 2015). 
Due to their rapid metabolisation, the excreted metabolites may offer a more suitable target for 
analysis and assessing exposure to OPEs (Van den Eede, Heffernan, et al. 2015; Cooper et al. 
2011; Butt et al. 2016; Butt et al. 2014). 
Like other chemicals that are distributed throughout the built environment, concentrations of 
OPEs in biological samples from infants and small children have been found to be higher than 
those from adults (Van den Eede, Heffernan, et al. 2015). Despite the widespread occurrence 
of OPEs in the built environment, there is relatively little information regarding how behaviour 
and the environment affect exposure of infants and toddlers to OPEs (Sugeng et al. 2017). 
Previous work elsewhere suggests that there are OPE exposure pathways that may be unique 
to young children, including via baby-products (Stapleton  et al. 2009) , increased hand-to-
mouth behaviour and through time spent in environments specific to young children (Hoffman, 
Butt, et al. 2015).  Hence, the aim of this study was to measure actual OPE exposure in children 
in Australia through urinalysis and evaluate potential associations to the child’s age, specific 
behaviours (i.e. mouthing, hands washing, etc.) and the environment.   
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Table 5.1 Physicochemical properties and applications of OPEs included in this study 
 
# 
Name Abbr. CAS 
Vapour 
pressure 
a 
Henry's 
constant 
a 
log 
KOA 
Application Urinary metabolites measured in this study 
1 
Tris(2-chloroethyl) 
phosphate 
TCEP 115-96-8 6.67 
8.07×10-
3 
8.42 
Flame retardant, plasticizer, 
lacquer, paint, glue, industrial 
processes 
Bis(2-chloroethyl) phosphate (BCEP) 
2 
Tris(2-chloroisopropyl) 
phosphate 
TCIPP 
13674-
84-5 
3.30 
4.25×10-
4 
8.84 
Flame retardant, plasticizer 
 
Bis(1-chloroisopropyl) phosphate 
(BCIPP); 
1-hydroxy-2-propyl bid(1-chloro-2-
propyl) phosphate (BCIPHIPP) 
3 
Tris(1,3-dichloro-2-propyl) 
phosphate 
TDCIPP 
13674-
87-8 
5.60×10-
6 
1.33×10-
4 
10.3 
Flame retardant, plasticizer, 
lacquer, paint, glue 
Bis(1,3-dichloroisopropyl) phosphate 
(BDCIPP) 
4 Tributyl phosphate TBP 126-73-8 0.90 0.32 7.87 
Plasticizer, hydraulic fluids, floor 
finish, wax, lacquer, paint, glue, 
anti-foam agent 
Dibutyl phosphate (DBP) 
5 Trimethylphenyl phosphate TMPP 
1330-78-
5 
6.60×10-
5 
5.42×10-
3 
11.7 
Plasticizer, polyvinylchloride, 
hydraulic fluids, cellulose, 
cutting oils, transmission fluids 
bismethylphenyl phosphate (BMPP) 
6 Triphenyl phosphate TPhP 115-86-6 
4.10×10-
3 
0.335 10.8 
Flame retardant, plasticizer, 
hydraulic fluids, lacquer, paint, 
glue 
Diphenyl phosphate (DPhP) c 
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7 
Tris(2-butoxyethyl) 
phosphate 
TBOEP 78-51-3 
2.80×10-
5 
1.22×10-
6 
11.7 
Flame retardant, plasticizer, floor 
finish, wax, lacquer, paint, glue, 
anti-foam agent 
Bis(2-butoxyethyl) phosphate (BBOEP); 
Bis(2-butoxyethyl) hydroxyethyl 
phosphate (BBOEHEP); 
Bis(2-butoxyethyl) hydroxyl-2- 
butoxyethyl phosphate (3OH-TBOEP) 
8 Tris(2-ethylhexyl) phosphate TEHP 78-42-2 
2.94×10-
3 
7.96×10-
3 
11.7 
Flame retardant, plasticizer, 
fungus resistance 
 
Bis(2-ethylhexyl) phosphate (BEHP) 
9 
2-Ethylhexyl diphenyl 
phosphate 
EHDPP 
1241-94-
7 
8.67×10-
5 
2.50×10-
2 
11.7 
Plasticizer, hydraulic fluids 
 
Diphenyl phosphate (DPhP) c 
 
a: Pa at 25 oC 
b: Pa∙m3/mol at 25 oC 
c: DPhP is a metabolite of both TPhP and EHDPP and potentially other aryl-OPEs 
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5.2 Materials and methods 
2.1 Participant recruitment  
Families with children between the ages of 3 to 29 months were recruited for this study. 
Recruitment was conducted from April 2015 to May 2016 in South East Queensland from the 
general public and from other studies being undertaken by our research group. All families 
gave informed consent before sample collection. All aspects of this study were authorized by 
the University of Queensland (2015000397), Australia, and the Children’s Health Queensland 
Human Research Ethics Committee (HREC15QRCH40). Details of the study population and 
recruitment have previously been reported (English et al. 2017).  
2.2 Sample collection 
Families were asked to collect two urine samples within two consecutive days from their 
children, using paediatric urine collection bags (U-bag® MABIS Healthcare, Waukegan IL 
USA). Samples were stored in secure biological sample storage packs in participant’s home 
freezers prior to collection by the study team and stored at -20 oC at the laboratory prior to 
analysis. The two urine samples from each individual were pooled prior to analysis, to 
minimise the measurement error attributable to short-term variation in exposure.  
2.3 The Online Questionnaire 
The online questionnaire was completed by the child’s primary carer via a secure online 
questionnaire software platform (Qualtrics, Provo, UT). Questions pertained to child and 
maternal behaviour including hand-to-mouth behaviour, hand-washing and household cleaning 
practices, diet (frequency of consumption of individual food items under the following 
categories: fruits and vegetables, dry snack, dry foods such as grains and cereals, dairy, baked 
goods, take-away food, and meat and fish), number of electronics and electronic appliances in 
the home (i.e. TVs, fridges etc.), building characteristics (i.e. flooring type) and time spent 
outdoors. Information about socioeconomic and health status was not collected. Details of the 
questionnaire design and pre-testing have previously been reported (English et al. 2017).  
2.4 Chemicals 
TDCIPP, TBP, TEHP, TBOEP, TPhP, TMPP, DPhP standards were purchased from Sigma-
Aldrich (St Louis, MO, USA). TCIPP was purchased from Dr. Ehrenstorfer (Augsburg, 
Germany). bis(2-chloroethyl) phosphate (BCEP), bis(1-chloroisopropyl) phosphate (BCIPP), 
BDCIPP, DBP, bis(2-ethylhexyl) phosphate (BEHP), bis(2-butoxyethyl) phosphate (BBOEP), 
and bismethylphenyl phosphate (BMPP) were purchased from TRC (Toronto, Canada). 
 94 
 
TCIPP-d18, TBP-d27 and TPhP-d15 were purchased from Cambridge Isotope laboratories, Inc 
(Andover, MA, USA). 1-hydroxy-2-propyl bis(1-chloro-2-propyl) phosphate (BCIPHIPP), 
bis(2-butoxyethyl) hydroxyethyl phosphate (BBOEHEP), bis(2-butoxyethyl) 3-hydroxyl-2-
butoxyethyl phosphate (3OH-TBOEP), DPhP-d10, BCEP-d8 and BDCIPP-d10 were provided 
by the Toxicological Center (University of Antwerp, Belgium). Ultra-pure water was obtained 
from a Milli-Q system (Merck Millipore, MA, USA), β-glucuronidase, triethyl amine, sodium 
acetate, and acetate acid were purchased from Sigma, and acetonitrile was purchased from 
Merck (Darmstadt, Germany). 
2.5 Analytical methods 
Samples were analysed using a modification of a previously-published method (Van den Eede 
et al. 2015). Briefly, 2 mL urine was spiked with 20 ng internal standards (BCEP-d8, DPhP-
d10, BDCIPP-d10, TPhP-d15, TBP-d27, TCIPP-d18). Samples were then buffered with 0.7 
mL sodium acetate (pH=5, 1M) and incubated overnight with 100 μL of enzyme solution (1000 
units per mL, β-glucuronidase) at 37 °C. Samples were then extracted using StrataX-AW 
cartridges (Phenomenex Inc., Torrance, CA, USA), conditioned with 2 mL acetonitrile and 2 
mL water. After loading the sample, cartridges were rinsed with 2 mL water and the analytes 
eluted with 2 mL of 5% triethyl amine in acetonitrile. The eluate was filtered through a 0.2 μm 
RC-cellulose syringe filter (Phenomenex Inc., Torrance, CA, USA), concentrated under a 
gentle stream of nitrogen until near dryness, and resuspended in 100 μL 5% acetonitrile in 
water.  
Samples were analysed by liquid chromatography tandem mass spectrometry (LC-MS/MS) 
using a Shimadzu Nexera HPLC system (Shimadzu Corp., Kyoto, Japan) coupled to an AB 
Sciex 6500 QTRAP in electrospray ionization mode. Separation was achieved using a 50 x 2.1 
mm, 2.5 µm Synergi Fusion-RP Column (Phenomenex, Torrance, CA, USA) maintained at 45 
°C, and a flow rate of 0.4 mL min-1. Mobile phase composition was A: 0.1% acetic acid in 
methanol-water (5:95, v/v) and B: 0.1% acetic acid in methanol-water (95:5, v/v). A quadratic 
gradient profile was used, starting at 0% B, ramped to 100% B in 7.5 min then held at 100 % 
for 3.5 min followed by equilibration at 1% B for 3 min. The MS was operated in both positive 
and negative ion multiple reaction-monitoring mode. Quantitation was performed via isotope 
dilution. The MS/MS parameters are provided in Table S4.1.  
2.6 Creatinine measurement 
Ten µL of 1/100 diluted urine sample was mixed with 940 µL of 5% ACN in water, and spiked 
with 50 µL 100 ppb IS (d3-creatinine), and then analysed by a LC-MS/MS system. The 
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instrumental method was originally developed by Hetu et al. (2010), and modified by Thai et 
al. (2014). A strong cation exchange (SCX) column (4.0 × 3.0 mm) (Phenomenex, CA, USA) 
was used for its separation, and mobile phase composition was A: 1 mM NH4OAc and 0.4% 
acetic acid in methanol-water (75:25, v/v) and B: 10 mM NH4OAc and 0.4% acetic acid in 
methanol-water (75:25, v/v). Detection of creatinine and creatinine-D3 was accomplished by 
tandem mass spectrometry in positive mode using multiple reaction monitoring with ion 
transitions of 114→44 and 117→47 m/z, respectively.  
2.7 QA/QC 
A quality control material was produced using pooled urine from several adult volunteers. High 
(n=3) and low (n=3) QCs were prepared at 6.0 and 2.0 ng/mL for all OPE compounds (except 
DBP and DPhP which were at concentrations of 60 and 20 ng/mL, respectively), with 
accuracies (measured concentration/actual concentration) of 104 ± 20 % and 96 ± 14 %, 
respectively (Table S4.2). At least 3 QC samples were included for analysis in each sample 
batch. Calibration curves were prepared in 5% acetonitrile in Milli-Q water with the 
concentration ranging from 0.01 to 100 ng/mL. Field blanks were collected by pouring 
synthetic urine into paediatric bags and then transferring the synthetic urine into urine storage 
containers. Field blanks (n=5) were analysed and the average blank value for each analyte was 
subtracted from each sample concentration. Recovery of internal standards ranged from 63% - 
92%. Method limits of detection (MDL) were calculated as the average blank plus three times 
the standard deviation (SD) of the blanks, and average concentration in field blank is shown in 
Table S4.3. For analytes not present in the blanks, MDL were calculated from signal/noise ratio 
of 10. Concentrations below the MDL after blank corrections were considered as ½ of MDL.  
2.8 Statistical analysis 
Data were reported as creatinine-adjusted unit (ng/g creatinine). Because concentrations of 
OPEs metabolites in urine were consistently right skewed, data were log10 transformed prior to 
regression analysis. After transformation, the distribution was approximately normal. We first 
assessed associations between questionnaire variables using chi-square tests. We then used 
univariable linear regression to identify individual questionnaire items associated at p < 0.1 
with OPE metabolite concentrations. Since age was correlated (p<0.05) with several 
behavioural factors, we also assessed the association of these variables with OPE metabolites 
once adjusted for age, prior to more extensive multivariable modelling (see Table S4.3A). 
Using the likelihood ratio test, we built the final multivariable models, retaining only the 
variables that remained significant at p < 0.05.  Due to potential power issues in identifying 
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statistically significant variables for inclusion in multivariable models, as a sensitivity analysis 
we repeated the model selection procedure after ranking variables by magnitude.  All data 
analysis was conducted using Stata statistical software v12.0 (StataCorp, College Station, TX, 
USA).  For the analysis of the correlation between OPE parent compounds and metabolites 
measured in urine, we used Spearman rank correlation by SPSS 24.0 (Chicago, USA) software 
package for Windows. 
5.3 Results 
5.3.1 Population characteristics 
61 participants, aged 3 to 29 months, were recruited from South East Queensland. Participants 
were excluded from sample analysis if their samples had insufficient volume for analysis, or 
failed quality control criteria (i.e. samples labelled incorrectly or inadequate stored), leaving a 
total of 51 participants included in the analysis. The average age of participants was 13 months 
and 55% of included participants were female.  
5.3.2 Distribution of OPEs in study population 
Table 5.2 below shows that eight of nine target OPE parent chemicals were detected in the 
urine samples provided in this study, with a detection frequency ranging from 16 – 63% (Table 
5.2). TDCIPP had the highest detection frequency (63%), followed by TBOEP (55%). Other 
OPEs, including EHDPP, TCIPP, TEHP, TMPP, TCEP and TPhP had detection frequencies 
between 16-49%, whilst TBP was not detected in any samples. The median concentrations of 
TBOEP and TDCIPP were 1.1 µg/g and 0.056 µg/g, respectively.   
Detection frequencies for the 11 OPE metabolites were higher than that for parent OPEs, with 
detection frequencies ranging from 20 – 100% (Table 5.2). BDCIPP was quantified in all 
samples (100% frequency). BCIPHIPP, DHPH, BMPP, BCIPP, DBP, BBOEP, BBOEHEP, 
and 3OH-TBOEP were detected in 57 to 96% of samples. BCEP and BEHP were detected in 
<35% of samples. The highest median concentration recorded was for BDCIPP (7.8 µg/g), 
followed by DPhP (2.3 µg/g).  
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Table 5.2 Levels of OPEs parent and metabolites measured in urine. 
Chemicals % detected 
Creatinine adjusted (ng/g creatinine)  Unadjusted (ng/mL) 
 
Related parent 
compound MDL Median Range (CI 95th)  MDL Median Range (CI 95th)  
TCEP 20 0.054 <0.054 <0.054-1.2  0.031 <0.031 <0.031-0.25 
 
parent 
BCEP 33 0.017 <0.017 <0.76-1.2  0.010 <0.010 <0.010-0.50 
 
TCEP 
TCIPP 35 4.9 <4.9 <4.9-35  2.8 <2.8 <2.8 
 
parent 
BCIPP 86 0.087 1.5 <0.087-13  0.050 0.68 <0.050-4.5 
 
TCIPP 
BCIPHIPP 96 0.087 2.2 0.23-26  0.050 0.93 0.069-7.7 
 
TCIPP 
TDCIPP 63 0.038 0.056 <0.038-0.31  0.022 0.024 <0.022-0.12 
 
parent 
BDCIPP 100 0.087 7.8 0.61-32  0.050 3.3 0.16-12 
 
TDCIPP 
TBOEP 55 0.90 1.1 <0.90-11  0.52 0.59 <0.52-2.2 
 
parent 
BBOEP 75 0.087 0.22 <0.087-0.94  0.050 0.10 <0.050-0.57 
 
TBOEP 
3OH-
TBOEP 
57 0.017 0.21 <0.017-3.0  0.010 0.13 <0.010-1.5 
 
TBOEP 
BBOEHEP 59 0.0051 0.19 <0.0051-2.3  0.0029 0.082 <0.0029-0.81 
 
TBOEP 
TBP 0 12 <12 <12  7.0 <7.0 <7.0-2.4 
 
parent 
DBP 84 0.099 0.33 <0.099-11  0.057 0.15 <0.057-5.3 
 
TBP 
EHDPP 49 0.76 <0.76 <0.76-4.3  0.44 <0.44 <0.44-3.2 
 
parent 
TPhP 16 0.87 <0.87 <0.87-2.2  0.50 <0.50 <0.50-0.51 
 
parent 
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DPhP 94 1.0 2.3 <1.0-11  0.60 1 <0.60-7.0 
 
TPhP&EHDPP a 
TEHP 33 0.017 <0.017 <0.017-0.75  0.010 <0.010 <0.010-0.49  parent 
BEHP 20 0.71 <0.71 <0.71-2.6  0.41 <0.41 <0.41-1.2 
 
BEHP 
TMPP 24 0.017 <0.017 <0.017-0.026  0.010 <0.010 <0.010-0.015 
 
parent 
BMPP 96 0.0074 0.03 0.0090-0.15  0.0042 0.015 0.0035-0.10  TMPP 
                      a: DPhP is a metabolite of both TPhP and EHDPP and potentially other aryl-OPEs 
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Concentrations of TBOEP were associated with BBOEP (r=0.517, P<0.001), but not BBOEHEP or 
3OH-TBOEP concentrations. There were no associations amongst the three TBOEP metabolites. This 
was consistent with our previous finding (He, Toms, et al. 2018), suggesting differences in 
toxicokinetics, such as differences in metabolic rate, metabolic pathways or excretion between the 
metabolites of TBOEP. Significant correlations were found for BCIPP and TCIPP (r=0.389, 
P=0.005), and BDCIPP and TCIPP (r=0.408, P=0.003). There were no correlations between other 
parent and related metabolites, which may be due to the low detection frequencies of these chemicals 
and their metabolites in this study. 
5.3.3 Association of OPE concentration with social and behavioural characteristics data 
Seven OPE metabolites (with detection frequencies >70%) were selected for inclusion in the analysis 
of the association between OPE metabolite concentrations and questionnaire data using chi-square 
tests. These were: BBOEP, BCIPP, BDCIPP, DBP, BMPP, DPhP, and BCIPHIPP (Table 5.3).  
Behavioural and environmental variables that were selected for inclusion in the multivariable 
modelling are presented in Table S4.3A and S4.3B. The results of multivariable modelling are shown 
in Table 5.3. Results from our sensitivity analysis were not dis-similar, and therefore results from the 
first model only are presented.  As seen in Table 5.3, other than age, there was a high degree of 
heterogeneity with regards to which variables were included in the final multivariable models for 
each OPE metabolites and the overall variability explained by each multivariable model was low. As 
will be discussed later in more depth, this may be attributable to the relatively small sample size of 
the study, variations in the relative contribution of specific exposure pathways between the OPE 
metabolites as well as short-term variability of OPE concentrations in urine.  In the following sections 
we describe findings from regression analysis for each OPE metabolite.   
Table 5.3 Multivariable analysis for each of (log adjusted) BBOEP, BCIPP, DBP, DPhP, BCIPHIPP. 
Variables significant at p< 0.05 were retained in the multivariable analysis. P-values are shown for entire 
categorical variables and are found adjacent to the variable heading.  
Log 
adjusted 
OPE 
metabolite 
Parameter P value β (CI) 
BBOEP Age (months) 0.042 0.03 (0.01 - 0.04) 
r2=0.31 Mouthing Behaviour 0.004  
       Interested in mouthing any objects  Reference 
       Not interested in mouthing any objects  0.34 (0.01 - 0.67) 
BCIPP Age (months) 0.001 -0.05 (-0.08 - 0.02) 
r2=0.41 Frequency of washing hands with soap and water 0.042  
       Once per day or more  Reference 
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       Less than once per day  0.44 (0.017 - 0.86) 
 Number of dishwashers in the home 0.018  
       None  Reference 
       One 
 
 
-0.66 (-1.20 - -0.12) 
BCIPHIPP Age (months) 0.001 -0.04 (-0.06 - -0.02)  
r2=0.27 Presence of window air-conditioner unit 0.017  
       No  Reference 
       Yes  0.43 (0.01 - 0.86)  
DBP Number of Refrigerators 0.047  
r2=0.23       <2  Reference 
       >=2  0.42 (0.01 – 0.83) 
 Presence of window air-conditioner unit 0.031  
       No  Reference 
       Yes  0.51 (0.05 – 0.96) 
 Frequency of vacuuming 0.032  
       Once per day or more  Reference 
       Less than once per day  0.43 (0.04 – 0.82)  
DPhP Mouthing Behaviour 0.008  
r2=0.30       Interested in mouthing any objects  Reference 
       Not interested in mouthing any objects  0.30 (0.08 - 0.52) 
 Number of dishwashers in the home 0.011  
       None  Reference 
       One  -0.30 (-0.53 - -0.07)  
 
BBOEP in children’s urine 
The overall variability in BBOEP concentrations explained by age and mouthing objects was 
relatively low (r2=0.31).  This may be attributable to the relatively weak effect of age (β: 0.03, CI: 
0.01 – 0.04) and the fact that the association with mouthing objects was variable, as indicated by the 
relatively wide confidence interval (β: 0.34, CI: 0.01 - 0.67). Several behavioural variables (breast 
feeding, mouthing behaviour, mobility, playing outdoors in a garden and hand washing frequency) 
were found to be associated with BBOEP in univariable analysis, however, their collinearity with age 
meant that it was difficult to assess the individual contribution of these variables in multivariable 
analysis given the small sample size (see Table S4.3A in the Supplementary Materials). Once adjusted 
for age, these variables, other than mouthing behaviour, were not associated with BBOEP 
concentrations in urine. Whilst the number of refrigerators was associated with lower BBOEP 
concentrations (β: -0.32 CI: -0.60--0.04) in urine in univariable analysis, the association was 
imprecise and the variable was not included in the final multivariable model.   
BCIPP and BCIPHIPP in children’s urine 
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BCIPP and BCIPHIPP are specific metabolites of TCIPP (Van den Eede et al. 2013). The 
concentrations of BCIPP and BCIPHIPP were strongly correlated (r=0.769, p<0.001) with each other 
in this study, and are therefore presented together. Despite the correlation between these two 
metabolites, the multivariable models for each of these metabolites contained different independent 
variables (other than age).  Age was a significant predictor of concentrations of both BCIPP (β: -0.05, 
CI:-0.08 - 0.02) and BCIPHIPP (β: -0.04, CI: -0.06 - -0.02) in urine, in both cases concentrations 
decreased with increasing age. BCIPP concentrations were higher in samples from children whose 
hands were washed less frequently (β: 0.44, CI: 0.017 - 0.86) and were lower when children had 
dishwashers in the home (β: -0.66, CI: -1.20 - -0.12). In contrast, BCIPHIPP concentrations were 
higher when families reported having a window air conditioning unit in the home (β: 0.43, CI: 0.01 - 
0.86).  The explained variation in the models (r2) was higher for BCIPP (0.41) compared to BCIPHIPP 
(0.27). For both BCIPP and BCIPHIPP, there was substantial variability in the effect of appliances in 
the home (i.e. air conditioners and dishwashers) on urinary metabolite concentrations, as observed by 
the wide confidence intervals.   
DBP in children’s urine 
Unlike the previous metabolites, DBP concentrations in urine were not associated with age or any 
age-related variables in multivariable modelling.  Although breast feeding status was associated with 
DBP concentrations univariable modelling, the association did not remain significant in multivariable 
modelling.  As with the previous metabolites, the association of appliances with DBP concentrations 
in urine was relatively imprecise, which may explain the low variability (r2= 0.23) explained by the 
multivariable model.   
BMPP in children’s urine 
Although several variables including age (β: 0.015 CI: 0.000 – 0.031) hand-washing frequency (β: -
0.24 for once or more per day versus less than once per day CI: -0.45 - -0.03), frequency of dusting 
(β: 0.23  for fortnightly or less versus weekly CI: 0.026-0.439) and traveling in a car with tinted 
windows (β: 0.374  for no tinted windows versus tinted windows CI: 0.156-0.592) were significantly 
associated with BMPP concentrations in urine in univariable analysis, the associations were relatively 
weak and variable. No variables retained significance in multivariable modelling.  
DPhP in children’s urine 
In multivariable modelling concentrations of DPhP were higher when families reported that their 
children were not interested in mouthing any objects (β: 0.30 CI: 0.08-0.52) and concentrations were 
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lower when families reported owning a dishwasher (β: -0.30 CI: -0.53--0.07). The explained variation 
in this model (r2) was 0.30. 
BDCIPP in children’s urine 
No variables were significantly associated with BDCIPP concentrations, though numerous variables 
were weakly associated with BDCIPP concentrations in univariable regression, including mobility, 
breast feeding status, home ownership, number of refrigerators, and frequency of hand-washing with 
soap and water.  
5.4 Discussion 
5.4.1 Urinary concentrations of OPE compounds 
In this study we report for the first time the concentrations of OPE metabolites in individual urine 
samples from young children (3-29 months) from South-East Queensland. The metabolite with the 
highest concentrations and highest frequency of detection in our samples was BDCIPP, which is a 
metabolite of TDCIPP. This is similar to what has been reported elsewhere (Butt et al. 2014; Hoffman 
et al. 2015; Butt et al. 2016), indicating similar exposure to TDCIPP between Australia and other 
countries. TDCIPP, as well as TPhP, have been reported to occur in infant products (Hoffman et al. 
2015). As with other indoor environmental contaminants, the concentrations reported in this sample 
population of children are higher than those reported in adults. Previous studies have shown that 
BDCIPP concentrations were higher in urine samples from young children than adults, and were 
associated with the number of baby products in the home and in children attending day care centres 
(Hoffman et al. 2015). Concentrations of BDCIPP reported in children’s urine in this study were 
similar to levels reported for children in the USA (Fig 5.1). Using daily urine excretion and the 
fraction of TDCIPP excreted as BDCIPP in urine, at such levels, it has been estimated that 2-9% of 
infants in the USA are exposed to TDCIPP at levels above the acceptable daily intake level (Hoffman 
et al. 2017). Similar studies are required in Australia, particularly since we have previously shown 
that concentrations of OPEs in urine are increasing in the Australian population (Van den Eede et al. 
2015; He, Toms, et al. 2018).  
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Figure 5.1 Comparison of OPEs metabolites concentrations (means) to Europe (Cequier et al. 2015; 
Schindler et al. 2014; Schindler et al. 2013), North American (Preston EV ; Butt et al. 2014; Cooper et al. 
2011; Meeker et al. 2013; Carignan et al. 2013; Dodson et al. 2014; Hoffman et al. 2014; Butt et al. 2016; 
Kosarac et al. 2016; Preston et al. 2017), and Australia (Van den Eede et al. 2015). 
5.4.2 Association of urinary concentrations and exposure pathways 
Several mechanisms have been suggested to explain the higher exposure of children to environmental 
contaminants, including their unique behaviour and developmental physiology. In this study we 
specifically investigated exposure pathways that may be contributing to young children’s OPE 
exposure, by use of a combined biomonitoring-questionnaire approach. The questionnaire was 
designed to comprehensively assess each stage of the typical exposure pathway, from sources of the 
contaminant, to carrier media (i.e. dust), and intake (exposure route) and internal exposure route 
(uptake). Beginning with sources of contaminants, we reported several associations between the 
number of electrical appliances in the home and OPE metabolite concentrations in urine. Appliances, 
including refrigerators, dishwashers and window air-conditioning units, were associated with 
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increased concentrations of BCIPP, BCIPHIPP, DPhP, and DBP. This is consistent with our previous 
environmental monitoring study on OPEs (He, Toms, et al. 2018). 
Once sources of OPEs are released in the home, they are carried  throughout the home environment 
on dust and air via cycles of volatilisation and deposition or adsorption (Kemmlein et al. 2003). As 
previously discussed, dust is an important carrier and also a reservoir of OPEs in the home 
environment (He, Wang, et al. 2018). Because children spend a relatively greater proportion of their 
time on the floor and also have increased hand-to-mouth behaviour, they are exposed to relatively 
greater quantities of household dust (Wilson et al. 2013). In this study, we assessed whether factors 
that may modify OPE dust concentrations in the home environment, such as vacuuming and dusting, 
were associated with OPE metabolite concentrations in urine. Concentrations of DBP were 
significantly higher in urine samples from children who lived in homes where vacuuming was less 
frequent than daily (β: 0.43, CI: 0.04 – 0.82). We also investigated factors that may modify contact 
and uptake of contaminated dust, including time spent in the indoor environment, hand-washing and 
mouthing behaviours. Concentrations of BCIPP were found to be lower when children’s hands were 
washed with soap and water at least once per day. Notably, Hoffman et al. (2015) have previously 
reported similar associations between hand-washing frequency and OPEs; hand-wipe concentrations 
of TDCIPP (the parent metabolite of BDCIPP) were significantly lower when individuals report more 
frequent hand-washing  and urine concentrations of BDCIPP and DPhP were also lower, albeit not 
significantly, with increased hand-washing frequency. Unexpectedly, we found that less frequent 
mouthing behaviour was associated with higher concentrations of BBOEP and DPhP in urine, a 
finding that we discuss below.  
Age was an important determinant of BBOEP, BCIPP, and BCIPHIPP concentrations in urine. Age 
was significantly positively associated with BBOEP, but significantly negatively associated with the 
latter two. Thus the older children tended to have higher concentrations of BBOEP but lower 
concentrations of BCIPP and BCIPHIPP and vice versa. As previously stated, age was correlated 
with a variety of other variables, including breast feeding and mobility. We have previously modelled 
children’s exposure to TCIPP, using data from environmental monitoring and biomonitoring, and 
estimated that the intake of TCIPP via breastfeeding for young children is higher than that via dermal 
contact with dust and inhalation, which may explain why concentrations of BCIPP and BCIPHIPP 
decrease with age (He, Toms, et al. 2018). In contrast, we have previously reported that inhalation 
and dermal contact may contribute more than breastfeeding to exposure to TBOEP (He, Toms, et al. 
2018). In this study, concentrations of BBOEP increased with age, which supports our previous 
findings that breast-feeding may not be the major route of exposure of young children to TBOEP. 
Similarly, concentrations of DPhP were positively associated with decreased mouthing activity, 
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which is more common in older children. This could be caused by the effect of age, since we found 
a significant positive association between mouthing activity and children’s age. 
5.4.3 Strengths and Limitations of the Study  
We acknowledge several limitations in the study that affected adequate assessment of the 
determinants of OPE exposure in our study population. Firstly, the questionnaire was designed to 
assess behavioural and environmental risk factors that may contribute to young children’s exposure 
to common indoor contaminants. However, due to its subjective nature. it is likely that some reported 
associations are spurious or may be due to confounding. For example, although increased hand-to-
mouth behaviour has been reported to be associated with increased exposure to flame-retardants 
(Hoffman et al. 2015; Stapleton et al. 2012; Watkins et al. 2011), in our cohort, mouthing behaviour 
was correlated with age, making it difficult to adequately assess the role that hand-to-mouth behaviour 
plays in young children’s OPE exposure. Secondly, given the small sample size of the cohort the 
study was underpowered, particularly with regards to investigating factors that are also related to age. 
However, sensitivity analysis led to similar results, indicating that the multivariable models 
constructed are robust.  
Another major limitation of the study design was that some additional potentially important sources 
of OPEs were not included in the questionnaire. In particular, baby-products may contain OPEs and 
these were not specifically interrogated (Stapleton et al. 2011). Although questions pertaining to baby 
products (such as use of baby carriers, toys etc.) were included in the original draft of the 
questionnaire, they were subsequently excluded to reduce the length of the questionnaire. 
Furthermore, time spent in environments away from the home, including day-care centres, were also 
not included in the final questionnaire. These factors have previously been reported as associated with 
BDCIPP concentrations in children’s urine (Hoffman et al. 2015; Fromme et al. 2014).  
Finally, as with other rapidly metabolised environmental contaminants with short half-lives (Wei  et 
al. 2015), spot-urine samples may be insufficient to accurately classify exposure. Data about the intra-
individual variation in OPE concentrations in urine samples collected from children are limited.  
Although some studies in adults suggest that spot urine samples may accurately classify exposure to 
some OPEs (Hoffman et al. 2014; Cequier et al. 2015), to reduce the effect of exposure 
misclassification we pooled two samples that were collected from individual children over a 48-hour 
period. Ideally, we would suggest collecting more urine samples per child over a longer time-frame, 
to further minimise the impact of short-term variation in exposure. However, collecting urine samples 
from young children, even when using paediatric urine collection bags is burdensome for the child 
and the parent, limiting the number of samples that can feasibly be collected. A more pragmatic 
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approach when designing future studies using the current study methodology would be to account for 
the inevitable exposure measurement error in sample size calculations. For a more accurate 
assessment of the exposure measurement error resulting from pooling just two urine samples, 
additional studies on intra-individual variation in OPE metabolite concentrations in urine from 
children are required. Also, the use of creatinine adjustment for these pooled urine samples is another 
limitation of the study, as creatinine production varies between and within individuals particularly in 
young children (Heffernan et al. 2014; Hays et al. 2015).  
5.5 Conclusion 
Eight OPEs and eleven metabolites of nine OPEs were detected in children’s urine samples from 
Australia. BDCIPP was the dominant metabolite, with a median concentration of 7.8 ng/g creatinine. 
In this study we found that concentrations of BBOEP and BMPP increased with age, while BCIPP 
and BCIPHIPP decreased with age. This supports previous finding that breastfeeding may be a 
relatively important pathway of exposure to TCIPP, their parent compound. Lower hand-to-mouth 
behaviour was unexpectedly associated with increased concentrations of DPhP and BBOEP, although 
this finding may be affected by confounding factors and the small sample size in this study, since 
increased hand-washing behaviour was associated with decreased concentrations of some OPE 
metabolites in urine. Notably, some modifiable factors, including potential sources of OPEs in the 
home environment, such as electrical appliances, were also associated with OPE concentrations. 
Further research, particularly in larger, more varied study populations, is needed to assess 
determinants of young children’s exposure to OPEs.  
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Chapter 6: Concentrations of organophosphate esters and their specific metabolites in food in 
southeast Queensland, Australia. 
 
 
 
 
 
 
In Chapter 3, the external exposure of OPEs was investigated by assessing the daily intake of OPEs 
via inhalation, dermal contact, and dermal ingestion. In chapters 4 and 5, the internal exposure of 
OPEs were also assessed. There is still a gap of understanding the contribution from internal and 
external exposure pathways to OPEs, especially for TPhP. Furthermore, breastfeeding has been 
identified as an important pathway for Australian children. Thus, we decided to assess another 
pathway of OPEs - dietary ingestion, with an emphasis of analysing the concentrations of OPE 
metabolites in foodstuffs.  
 
 
The following publication is incorporated as Chapter 6: 
 
Chang He, Xianyu Wang, Shaoyu Tang, Phong Thai, Zongrui Li, Christine Baduel, Jochen F. 
Mueller.  Concentrations of organophosphate esters and their specific metabolites in food in southeast 
Queensland, Australia: is dietary exposure an important pathway of organophosphate esters and their 
metabolites? Environmental Sciences & Technology, 2018, 52, 12765−12773 
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Abstract: 
There were several studies that measured Organophosphate esters (OPEs) in foods to assess the 
dietary intake of OPEs but none has measured OPE metabolites (mOPEs) in the same samples. In this 
study, we measured the concentrations of OPEs and mOPEs in 87 food samples and in five tap water 
samples collected in Queensland, Australia belonging to eight food groups. Tris(2-chloroisopropyl) 
phosphate (TCIPP) (detection frequency (DF), 77%) and tributyl phosphate (TBP) (DF, 71 %), were 
the most frequently detected OPEs, while dibutyl phosphate (DBP) (DF, 84 %) and diphenyl 
phosphate (DPhP) (DF, 86 %) were the most frequently detected mOPEs. Vegetables had the highest 
concentrations of both ∑9OPEs and ∑11mOPEs, with the mean concentrations of 2.6 ng/g and 17 ng/g 
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wet weight. Compared with dust ingestion and inhalation, dietary intake was the most important 
exposure pathway for tris(2-chloroethyl) phosphate (TCEP) (4.1 ng/kg bw/day), TCIPP (25 ng/kg 
bw/day), and TBP (6.7 ng/kg bw/day), accounting for > 75% of total intake. Furthermore, we found 
that the intakes of some mOPEs, i.e. bis(1,3-dichloroisopropyl) phosphate (BDCIPP) and DPhP from 
diet were typically higher than that of their parent OPEs. Such high levels of mOPE intakes could 
interfere with the utilisation of mOPEs as biomarkers for assessing OPE exposure and warrant further 
investigation.   
Keywords: Organophosphate flame retardants (OPFRs), alternative flame retardants, dietary intake, 
human exposure. 
 
6.1 Introduction 
Organophosphate esters (OPEs) are widely used as flame retardants and plasticizers in consumer 
products, including rubbers, textiles, upholstered furniture, lacquers, plastics, building materials and 
electronic equipment (Andresen et al. 2004). The phase-out of some traditional brominated flame 
retardants (BFRs), due to the concerns of their persistence, bioaccumulation, and toxicity, has led to 
an increase in the production and use of alternative flame retardants, including OPEs (Tao et al. 2017; 
Alaee et al. 2003; Kemmlein et al. 2009; van der Veen and de Boer 2012). The production of OPEs 
increased from ~0.3 to 1.0 million tons (Israel Chemicals Ltd 2015; van der Veen and de Boer 2012). 
OPEs are mainly used as additives, and they are not chemically bound to the products they are added 
to. Thus, they may diffuse out of the products and reach the environment by leaching/volatilizing 
throughout the products’ entire lifetime (Marklund 2005). OPEs have been detected in all 
environmental compartments such as air (Shoeib et al. 2014; Zhou et al. 2017; Okeme et al. 2018), 
dust (Abdallah and Covaci 2014; Ali et al. 2016; Harrad et al. 2016; He et al. 2015), water (O’Brien 
et al. 2015; Li et al. 2014), biota (Hou et al. 2017; Brandsma et al. 2015; Kim et al. 2011) including 
humans (Kim et al. 2014; Li et al. 2017; Cequier et al. 2015). Some OPEs are suspected to have 
adverse effects on the environment and human health. In experimental studies, tris(2-chloroisopropyl) 
phosphate (TCIPP), triphenyl phosphate (TPhP) and tributyl phosphate (TBP) have been observed to 
disrupt normal endocrine and reproductive function, nervous system development and are suspected 
carcinogens (World Health Organization 1998, 1991a, 1991b; van der Veen and de Boer 2012). 
Although data are scarce, human epidemiological studies suggest that exposure to TCIPP, tris(1,3-
dichloro-2-propyl) phosphate (TDCIPP), and tris(2-butoxyethyl) phosphate (TBOEP) is associated 
with human hormone levels and semen quality parameters (Meeker  and Stapleton 2010; Egloff et al. 
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2014). Therefore, understanding exposure route is important for developing strategies to reduce 
exposure and associated potential risks.   
Inhalation, dermal contact with dust, and dietary ingestion are the main exposure pathways of OPEs 
(Cequier et al. 2015). Some studies have reported that dermal contact with dust (Xu et al. 2016; 
Canbaz et al. 2016; He et al. 2015; Hoffman et al. 2015a; Ali et al. 2012a, 2013; Brommer et al. 2012) 
and inhalation (Schreder et al. 2016; Zhou et al. 2017; Yang et al. 2014) are two important pathways 
of OPE exposure. However, there are only a few studies available that have assessed intake from diet 
(Xu et al. 2015, 2017; Zhang et al. 2016; Poma et al. 2018). This leads to a need for further study to 
evaluate the relative importance of different exposure pathways of OPEs.  
OPE metabolites, e.g., oxidative dealkylation and hydroxylation products of OPEs, are commonly 
used in biomonitoring studies to estimate human exposure to OPEs due to the short half-lives (several 
hours to days) of OPEs in human (Hoffman et al. 2017; Romano et al. 2017; Butt et al. 2014, 2016; 
Hoffman et al. 2014; Meeker et al. 2013a, 2013b). For example, in Australia, we have previously 
reported high concentrations of OPE metabolites (mOPEs) in humans, especially for diphenyl 
phosphate (DPhP), with a median of 19 ng/mL for Australian adults compared to ~1.0 ng/mL for 
adults in other countries, (He et al. 2018; Van den Eede et al. 2015; He et al. 2018) while the 
concentrations of OPEs in environments were comparable to other countries (He et al. 2018; Harrad  
2016). An important assumption used in all of these biomonitoring studies is that the human intake 
of mOPEs from the environment and diet is negligible. Van den Eede et al (2015) have previously 
proved that the intake of mOPEs from dust were limited. However, Hou et al. (2017) reported high 
concentrations of these metabolites in freshwater fish, suggesting that animal-based food could be a 
direct source of exposure to mOPEs. Thus, the above assumption may not be always valid and needs 
to be verified for future studies. 
Therefore, in this study, we measured nine OPEs and 11 mOPEs in 92 samples including 87 food 
samples and five tap water samples. The dietary intake of OPEs and mOPEs was subsequently 
estimated on the basis of consumption data from the most recent Australian Dietary Guidelines 
(Australian Government 2013). It is the first study, to the best of our knowledge, to assess the intake 
of mOPEs via diet.  
6.2 Materials and methods 
6.2.1 Study area and sample collection 
The study area, Brisbane, is located in southeast Queensland, Australia, where more than 90% of 
fresh produce, i.e. vegetable, fruit, and meat are provided by farmers within the state. Food samples 
were purchased in March 2018 from three stores in southeast Queensland, Australia. The eight most 
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consumed food groups according to the Australian Dietary Guidelines were selected in this study, 
including cereal, fruit, vegetable, milk, meat, fish and seafood, egg, and beverage.(Australian 
Government 2013) The top 3-5 most consumed items in each group were chosen and purchased (see 
Table S4 and S5) (Statistics 2016). Eighty-seven food samples (29 items × 3 markets) were purchased 
in three different suburbs, and five tap water samples were collected from five houses in different 
suburbs in southeast Queensland, Australia. Samples were then analysed individually. Vegetables 
and fruit samples were purchased and stored in plastic food storage bags, while the others were stored 
in their own packaging until transferred to the lab at room temperature. Most of the samples were 
produced or made in Australia. A small number of fruit samples were imported from USA and New 
Zealand. Once the samples arrived at the lab, they were directly freeze-dried, and extracted for 
analysis. 
6.2.2 Chemicals 
Tris(2-chloroethyl) phosphate (TCEP), TDCIPP, TBP, TBOEP, tris(2-ethylhexyl) phosphate and 
(TEHP),  tris(methylphenyl) phosphate (TMPP), TPhP, DPHP standards were purchased from 
Sigma-Aldrich (St Louis, MO, USA). TCIPP was purchased from Dr. Ehrenstorfer (Augsburg, 
Germany). 2-Ethylhexyl diphenyl phosphate (EHDPP) was purchased from AccuStandard Inc (New 
Heaven, CT, USA). Bis(2-chloroethyl) phosphate (BCEP), bis(1-chloroisopropyl) phosphate 
(BCIPP), bis(1,3-dichloroisopropyl) phosphate (BDCIPP), dibutyl phosphate (DBP), bis(2-
ethylhexyl) phosphate (BEHP), bis(2-butoxyethyl) phosphate (BBOEP), and bis(methylphenyl) 
phosphate (BMPP) were purchased from TRC (Toronto, Canada). TCIPP-d18, TBP-d27, and 
TPHP-d15 were purchased from Cambridge Isotope Laboratories Inc. (Andover, MA, USA). 1-
Hydroxy-2-propyl bis(1-chloro-2-propyl) phosphate (BCIPHIPP), bis(2-butoxyethyl) 3-hydroxyl-2-
butoxyethyl phosphate (OH-TBOEP), bis(2-butoxyethyl) hydroxyethyl phosphate (BBOEHEP), 
TBOEP-d6, DPHP-d10, BCEP-d8 and BDCIPP-d10 were provided by the Toxicological Centre 
(University of Antwerp, Belgium). Ultra-pure water was obtained from a Milli-Q (MQ) system 
(Merck Millipore, MA, USA), triethyl amine (≥ 99 %), sodium acetate and acetic acid were 
purchased from Sigma; StrataX AW cartridges and FL-PR (500mg/3mL) cartridges were purchased 
from Phenomenex Inc. (Torrance, CA, USA), PTFE filters (0.45 μm) were purchased from Agilent 
Technologies (Santa Clara, CA, USA), and Z-Sep/DSC18 d-SPE cartridges were purchased from 
Merck (Darmstadt, Germany). 
6.2.3 Analytical methods 
Sample preparation was adapted from a method developed by Xu et al. (2015; 2017)  In short, 5 g of 
freeze-dried food sample was spiked with internal standards, extracted with 5 mL acetonitrile:toluene 
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(9:1, v:v) using sonication for 1 hour. Extracts were then filtered by PTFE filters (0.45 µm) and 
replaced solvent with hexane. After this, Florisil cartridges were used for fractionation. After the 
samples were pre-cleaned with 8 mL methanol and 8 mL hexane, they were then rinsed with 8 mL 
hexane (discard), and 8 mL methanol The hexane fractions contain most of the non-polar chemicals, 
e.g., BFRs, while OPEs and their metabolites are all in the later fractions. Later, dispersive solid phase 
extraction (d-SPE) was performed for lipid removal using 50 mg Z-Sep and 20 mg DSC-18. The only 
difference to the method of Xu et al. was the use of StrataX AW for further clean-up procedures, 
because they provided better recoveries for OPE metabolites (Van den Eede et al. 2015). 
For beverages, e.g., tap water, coffee, beer, tea, samples were extracted by loading them onto a 
StrataX AW cartridges directly after conditioned by 8 mL methanol and 8 mL Milli-Q (MQ) water. 
The samples were then rinsed with 2 mL MQ water and eluted with 2 mL 5% triethyl amine in 
acetonitrile. The eluate was concentrated under a gentle stream of nitrogen to near dryness and 
resuspended in 100 µL 5% acetonitrile in MQ water. 
Samples were analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS using a 
Shimadzu Nexera HPLC system) coupled to an AB Sciex 6500 QTRAP in electrospray ionization 
mode. Separation was achieved using a 50 × 2.1 mm, 2.5 μm Synergi Fusion-RP Column 
(Phenomenex, Torrance, CA) maintained at 45 °C, and a flow rate of 0.4 mL/min. Mobile phase 
composition was A: 0.1% acetic acid in methanol-water (5:95, v/v) and B: 0.1% acetic acid in 
methanol-water (95:5, v/v). A quadratic gradient profile was used, starting at 0% B, ramped to 100% 
B in 7.5 min then held at 100% for 3.5 min followed by equilibration at 1% B for 3 min. The MS was 
operated in both positive and negative ion multiple reaction-monitoring mode. More details on the 
MRM information can be found in our previous paper (He et al. 2018b). 
6.2.4 Quality assurance and quality control 
Field blanks and instrumental blanks were included and analysed in each batch samples to check for 
cross contamination, analytes carryover and background response. Field blanks (n=6) for solid 
samples were prepared by storing Dionex TM filter papers (Thermo Scientific) in plastic food bags 
overnight, and field blanks (n=3) for liquid samples were prepared by storing MQ water in glass 
bottles overnight, which were then processed and analysed parallel to food samples. Instrumental 
blank was assessed by injecting pure solvent (MeOH) between real samples, where no analyte was 
detected. The concentrations of analytes in the field blanks were consistent (Table S5.1), with relative 
standard deviations (RSDs) <30 %, and blank corrections were applied for analytes that were detected 
in blanks by subtracting the average blank concentrations. Calibration curves (n=5) were prepared by 
spiking different known amounts of analyte into 5 % ACN in MQ water, with the concentration range 
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between 0.01 pg/mL and 100 pg/mL. The regressions (R2) of the calibration curves were ≥0.995. 
Eight duplicate samples were analysed in different batches to assess the repeatability of this method, 
and the RSDs were below 30% (Table S5.6). We also analysed QC spike samples in each sample 
batch by spiking a known amount of analytes into real samples (i.e. rice, carrot, egg, etc.) before 
extraction to test the precision of the method. The RSDs of the measured concentration of these 
samples to the spiked concentrations were <15 % for all analytes. Quantification was performed using 
corresponding reference standards and all values reported were corrected for recovery of the 
corresponding internal standard. When no corresponding internal standard was available at the 
laboratory, homologue IS presenting the closest structural similarity or retention time was chosen 
(Table S5.3). The recoveries of internal standards in real samples ranged from 64 - 91 %, while native 
standards in QC (i.e. rice, carrot, egg etc.) spiked samples ranged from 60-96 %. To assess the 
potential transformation between OPEs and mOPEs, we also analysed rice samples spiked with OPEs 
and mOPEs separately, with >20 times higher concentrations than those in the unspiked rice samples. 
We found only a small amount of TCIPP (<5 %), with mOPEs spiked samples. This is probably 
because of the high background level of TCIPP (Collins et al. 2018). Method limits of detection 
(MDLs) were calculated as the average concentration of field blank plus three times the standard 
deviation of the blanks. For analytes not present in the blank, MDLs were calculated from signal/noise 
ratio of 3. When concentrations of analytes were below the MDLs, values of ½ MDLs were used for 
further discussion.  
6.2.5 Data analysis and statistic 
Statistical analyses were performed by using SPSS 23 and Microsoft Excel 2016. Summary statistics 
are presented as mean, median, 5th percentile, and 95th percentile values. Normality of the data was 
tested using Shapiro-Wilk test. Data was log10 transformed prior to analysis. After transformation, 
the distribution was approximately normal. Bivariate correlations (Pearson correlation coefficients) 
were used to investigate the association between analytes. Paired sample t-tests were used to assess 
the differences among concentrations of analytes collected in different stores.  
Estimated daily intakes (EDIs, ng/kd bd/day) for Australian adults were calculated based on eq. (1) 
(Dirtu et al. 2010) 
EDIs = ∑ [DCi × CCi] / BW                                    (eq. 1) 
where DCi is the daily consumption of each food group (g/day), and CCi is the contaminants’ 
concentrations in each food group (ng/g wet weight, ww) and BW is the body weight of Australian 
adults (kg). Daily intakes of each food group were obtained from Australian Dietary Guidelines, 
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(Australian Government 2013) and provided in Table S7. The average BW was 78.5 for Australian 
adults according to the Australian Health survey in 2012 (Statistics 2012). 
6.3. Results and discussion 
6.3.1 Concentrations of OPEs and metabolites in food samples 
In all the 92 food samples collected from southeast Queensland, Australia, TCIPP and TBP were the 
most frequently detected OPEs, with the detection frequencies of 77% and 71%, respectively (Table 
S3 and S4). TCEP and TBOEP were detected in ~50% of samples, while the other OPEs were only 
infrequently (<20%) detected. For the mOPEs, the detection frequencies were higher than that of OPE 
parent chemicals. BCIPHIPP, DBP, DPhP, BBOEP, and BEHP were detected in >50% of samples, 
while BDCIPP, DMPP, and OH-TBOEP were detected in more than 20% of samples. The variations 
in detection frequencies of analytes were probably because of the differences on physico-chemical 
properties, half-lives and metabolism at the sources. The different MDLs can also contribute to this 
variation. Of all the analytes DPhP was most consistently found (87% of the samples) and at the 
highest mean (3.4 ng/g ww) and median concentration (0.99 ng/g ww) (Table 6.1). 
In terms of reproducibility and sensitivity we included replicate analysis (i.e. splitting of samples) of 
8 samples. We found very good reproducibility of the analysis (mean RSD of 18% across all 
chemicals that were detected). We analysed 92 different food items, where an item is a specific food 
(i.e. rice, apple, beef, etc.), belonging to one of eight food groups (i.e. cereal, fruit, meat, etc.). In 
order to understand the variance among different items and/or groups, we analysed a) triplicates of 
one specific item purchased from one store (i.e. one sample split into three parts), b) triplicates of an 
item purchased from one store (i.e. within-store replication), c) samples of the same item obtained 
from three different stores, and d) samples obtained from a given store across all the food groups 
(Table S5.6). The difference between samples from different stores were still relatively low (i.e. mean 
of 49% across the same items compared for the different chemicals) when compared to the observed 
differences among all items within a food group (mean RSD of 106%) and a comparison of all items 
within a given supermarket irrespective of the food group (i.e. mean RSD of 179%). This 
demonstrated that the variance is at most a function of the specific food item that is consumed and 
the food group rather than the source of purchase.  Analytical variability is only a very minor source 
of uncertainty. Thus, for the purpose of estimation, we used the mean concentrations of all samples 
as the concentration in a given food item (Table 6.1). 
The concentration range of OPEs in our study was similar to that reported in Belgium (Xu  et al. 
2015), Norway (Xu et al. 2017) and China (Zhang et al. 2016; Ding et al. 2018). There was no data 
available on the concentrations of mOPEs in food samples from these countries. mOPEs data is 
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available for freshwater fish from China (Hou et al. 2017), where DPhP concentrations were 10 times 
higher than in our study, while BBOEP, DBP, and BEHP were in the same range. The higher 
concentration of DPhP was probably due to some other sources, i.e. beauty industry (Mendelsohn et 
al. 2016) and potential use as pesticides.  
Table 6.1. Detection frequencies and concentrations of OPEs and their metabolites in food samples from 
southeast Queensland, Australia (ng/g ww) 
 Detection 
frequency (%) 
mean 
5th  
percent 
median 
95th 
percent 
MDLs 
MDLs 
(for beverage) 
Specific 
mOPEs/OPEs 
OPEs  
TCEP 45 <MDL <MDL <MDL 0.41 0.060 0.021 BCEP 
TCIPP 77 1.0 <MDL 0.68 2.8 0.33 0.11 BCIPP & BCIPP 
TDCPP 17 <MDL <MDL <MDL 0.16 0.051 0.017 BDCIPP 
TBP 71 0.41 <MDL 0.14 1.4 0.063 0.021 DBP 
TBOEP 48 <MDL <MDL <MDL 0.36 0.045 0.015 
BBOEP, BBOEHEP 
& OH-TBOEP 
TEHP 7 <MDL <MDL <MDL 1.1 0.0040 0.0013 BEHP 
TMPP 6 <MDL <MDL <MDL 0.030 0.0040 0.0013 BMPP 
TPhP 19 <MDL <MDL <MDL 0.54 0.0040 0.0013 DPhP 
EHDPP 0 <MDL <MDL <MDL <MDL 3.3 1.1 DPhP 
mOPEs  
BCEP 4 <MDL <MDL <MDL <MDL 0.0040 0.0013 TCEP 
BCIPP 0 <MDL <MDL <MDL <MDL 0.0040 0.0013 TCIPP 
BCIPHIPP 56 0.42 <MDL 0.094 1.6 0.036 0.012 TCIPP 
BDCIPP 23 <MDL <MDL <MDL 1.4 0.0040 0.0013 TDCIPP 
DBP 84 0.50 <MDL 0.18 2.1 0.016 0.0054 TBP 
BBOEP 52 0.41 <MDL <MDL 1.7 0.0040 0.0013 TBOEP 
BBOEHEP 5 <MDL <MDL <MDL <MDL 0.33 0.11 TBOEP 
OH-TBOEP 31 0.12 <MDL <MDL 0.52 0.054 0.018 TBOEP 
BEHP 74 0.58 <MDL 0.18 2.7 0.0015 0.00050 TEHP 
DMPP 35 <MDL <MDL <MDL 1.1 0.0040 0.0013 TMPP 
DPhP 86 3.4 <MDL 0.99 12 0.028 0.0096 TPhP & EHDPP 
 
Pearson correlation coefficients were calculated to assess the associations between concentrations of 
highly detected OPEs with the corresponding mOPEs including TCIPP/BCIPHIPP, TBP/DBP, and 
TBOEP/BBOEP in individual food samples. Significant correlations were only found between TBP 
and DBP (r=0.395, P<0.001). This might suggest similar sources of TBP and DBP and/or the 
degradation of TBP into DBP in foods.   
6.3.2 Concentration in different food groups 
Of the 92 analysed samples, plant-based samples (vegetable, fruit, and cereal) consistently had the 
highest ∑9OPEs concentrations among all of the food groups (average of 2.6 ng/g ww, 2.3 ng/g ww, 
2.3 ng/g ww, respectively) (Figure 6.1). ∑9OPEs concentrations in all the animal products - including 
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fish and seafood (1.8 ng/g ww), dairy products (1.4 ng/g ww), meat (1.0 ng/g ww) and egg (1.0 ng/g 
ww) - were lower than that of plant-based samples (P<0.01). Beverages have the lowest ∑9OPEs 
concentration (0.61 ng/g ww). This is consistent with the pattern in China (Zhang et al. 2016), where 
rice had a  higher concentration of ∑9OPEs than other foods. The variations in concentrations in food 
groups were probably due to the variations in absorption ability of these samples, as well as different 
applications to different food groups. Other reasons for the variation between and/or within the food 
group could be the packaging of the food. In our study, we found lower concentrations of both OPEs 
and mOPEs in samples with inedible outer parts such as banana, orange, mandarin and egg than those 
contacting directly with plastic packages or display trays, though these differences were not 
significant (P>0.05). This suggests that package materials and/or the other use to the food might be a 
potential source of OPEs/mOPEs these foods. The OPEs concentrations in Belgium were higher in 
more heavily manipulated and industrially altered food groups (e.g., cheese, oil, meat, and milk), 
suggesting that contamination during industrial processing and manipulation of food products (e.g. 
packaging, canning, drying, etc.) is a key source for the contamination of the foods (Poma et al. 2018). 
 
Figure 6.1 OPE and OPE metabolites concentrations (ng/g ww) in food groups collected from Australian 
markets 
Regarding the mOPEs, the highest concentration of ∑11mOPEs was found in vegetables (17 ng/g 
ww). Different to the pattern of OPE in different food groups, the concentrations of ∑11mOPEs in 
fruits (2.8 ng/g ww) were lower than that in egg (11 ng/g ww), cereal (11 ng/g ww), dairy product 
(4.8 ng/g ww), fish and seafood (4.3 ng/g ww), but higher than that in beverages (0.27 ng/g ww). To 
investigate the different exposure and metabolism pathways of OPE and mOPE in food groups, the 
ratio of ∑11mOPEs/∑9OPEs were calculated for each food group (Fig. 6.2). The average ratios of 
mOPE/OPE were 0.44, 0.47, and 1.2 for beverage, meat, and fruit, respectively. The relatively low 
concentrations of mOPEs might suggest lower metabolism transformation or less exposure to OPEs 
in these samples. If OPEs and mOPEs have the same sources among all food groups, the ratios of 
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mOPEs/OPEs should be similar (and low). In dairy product and fish/seafood, the ratios were 3.4 and 
2.5, respectively, and the mOPEs were more likely to come from the transformation from their parent 
chemicals. The ratios were much higher in cereal (5.0), vegetable (6.6), and egg (11), and there may 
be some other sources of mOPEs, such as direct intake of mOPEs from the environment, or higher 
degradation rate for these samples. This trend was also found in individual pairs of chemicals (i.e. 
DBP/TBP, DPhP/TPhP, BBOEP/TBOEP, and BCIPHIPP/TCIPP) in that the ratio of mOPE/OPEs 
was lower in meat and beverage than the other food groups. The mOPEs/OPEs values for the other 
pairs were not calculated due to the low detection frequencies of analytes. We further compared the 
mOPEs/OPEs values in chicken and egg where we found a 60 times higher value in eggs. A lower 
mOPE/OPE ratio was observed in meat from animals (including chicken) compared to many other 
products, such as eggs. One potential explanation is that metabolites may be excreted by the animals 
relatively fast via urine whereas in eggs or fruit the metabolite may be formed but will not be excreted. 
 
Figure 6.2 Comparison of OPE concentrations to OPE metabolites in each food group. Concentrations of ∑9OPEs and 
∑11OPE metabolites were shown in bars, while the ratio of ∑11metabolites/∑9OPEs were shown in plots 
6.3.3 Dietary intake of OPEs and mOPEs 
Based on the measured concentrations of OPEs and mOPEs in 92 food samples, we estimated human 
intakes of OPEs and mOPEs through diet for Australian adults. The mean concentrations of several 
items in each food group were used to represent the concentrations of a particular food group. Mean 
daily dietary intake of OPEs were estimated for the overall Australian population using eq. 1 
mentioned above (Table 6.2).   
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Table 6.2 Mean estimated daily intake of OPEs and mOPEs via different pathways (ng/kg bw/day) 
 
 
 
 
a: EDIs via inhalation and dermal contact with dust were from our previous study (He et al. 2018); 
b: RfDs were calculated by dividing chronic NOAEL by a factor of 10000 (Van den Eede et al. 2011); 
c: RfDs were suggested by EPA Integrated Risk Information System(EPA. 2017). 
 
The EDIs via diet were 4.1, 25, 6.7, and 1.8 ng/kg bw/day for TCEP, TCIPP, TBP, and TBOEP 
respectively, which were similar to the EDIs for the Belgium population (Xu et al. 2017; Poma et al. 
2018). Dietary intake is the predominant pathway for TCEP, TCIPP, and TBP, with the contribution 
of 84 %, 77 % and 93 % of total intake, respectively, while dermal contact with dust is the 
predominant pathway for TBOEP (Fig. 6.3). The total EDIs via the three major pathways for TCEP, 
TCIPP, TBP, and TBOEP were 4.9, 33, 7.2, and 4.2 ng/kg bw/day, which were well below the health-
based reference doses. 
 Inhalation a Dermal contact with dust a Dietary ingestion ∑EDIs RfD value 
OPEs 
TCEP 0.68 0.10 4.1 4.9 2.2×103 b 
TCIPP 6.6 1.2 25 33 8.0×103 b 
TDCPP 0.011 0.11 <1.1 <1.2 1.5×103 b 
TBP 0.40 0.013 6.7 7.2 2.4×103 b 
TBOEP 0.028 2.4 1.8 4.2 1.5×103 b 
TEHP 0.0031 0.034 <0.088 <0.13 2.9×105 c 
TMPP 0.0034 0.017 <0.16 <0.18 1.3×103 b 
TPhP 0.090 0.22 <0.15 <0.46 7.0×103 b 
EHDPP 0.039 0.70 <5.0 <5.7 6.0×102 c 
mOPEs 
BCEP - - <6.3 - - 
BCIPP - - <0.55 - - 
BCIPHIPP - - 12 - - 
BDCIPP - - 6.3 - - 
DBP - - 11 - - 
BBOEP - - 8.9 - - 
OH-TBOEP - - 2.9 - - 
BBOEHEP - - <5.1 - - 
BEHP - - 11 - - 
DMPP - - 3.9 - - 
DPhP - - 71 - - 
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Figure 6.3 Comparison of the EDIs of OPEs via different pathways, including inhalation, dermal contact, 
and food ingestion 
For the other analytes, the EDIs were conducted by using ½ of the MDLs when their concentrations 
were not detected. However, due to a much higher food consumption (~ 3500 g/day/person) than dust 
ingestion (~0.02 g/day/person), the EDIs via dietary exposure were still high. For example, EHDPP 
was not detected in any sample in our study, but the estimated dietary intake for EHDPP using ½ 
MDL showed an EDI five times higher from food than that via dermal contact with dust where the 
compound is routinely quantifiable. Thus, the comparisons of EDIs via different pathways on these 
infrequently detected OPEs were not conducted even though the total intakes of these infrequently 
detected analytes were still in the safe range.  
Regarding different groups of food cereals (TCEP 39%, TBP 38%) and non-alcoholic beverages 
(TCEP 32%, TBP 25%) had the highest contribution to TCEP and TBP intake, while non-alcoholic 
beverages (32%) and vegetables (21%) had the highest contribution to TCIPP.  
The dietary intake of mOPEs was also estimated and listed in Table 6.2. The total EDIs of 11 mOPEs 
were 130 ng/kg bw/kg, which was two times higher than that of OPE parent chemicals. The highest 
EDI was found for DPhP, with a mean of 71 ng/kg bw/day for the Australian population.   
6.3.4 Potential interference of mOPE intake to the biomonitoring of OPE exposure 
In biomonitoring studies, mOPEs were commonly used as biomarkers to assess human exposure to 
OPE parent chemicals due to the short half-lives of OPEs in humans (van der Veen and de Boer 2012; 
Wei et al. 2015). However, in this study, we found that mOPEs can be directly consumed via diet, 
which could interfere with the interpretation of results obtained in biomonitoring studies where 
typically the assumption is that the measured mOPEs originates solely from metabolism of the parent 
chemicals and that there is no direct contribution from consumption and related excretion of the 
mOPEs itself. Hence, OPE parent exposure could be overestimated in these biomonitoring studies.  
To evaluate the potential extent of this interference, we compared excretion data of mOPEs, (i.e.  
BCIPHIPP, BDCIPP, and DPhP), to intake from diet, as well as the transformation from their related 
OPEs using biomonitoring data conducted in the same area (Van den Eede, Heffernan, et al. 2015). 
Calculated in section 6.3.3, the dietary intake of BCIPHIPP, BDCIPP, and DPhP were 920, 8600, and 
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5600 ng/day. In vitro studies suggested that the transformation rate of BCIPHIPP, BDCIPP, and DPhP 
from their parents were 40 %, 45 %, and 25 %, respectively (Van den Eede et al. 2016; Van den Eede 
et al. 2013), which could result in intakes of 1000, 44 and 14 ng/day of BCIPHIPP, BDCIPP, and 
DPhP due to the intake of their specific parent chemicals. To our knowledge there is no adsorption 
and excretion data available, hence for simplification we assume that excretion rates of mOPEs are 
100 %. The estimated amount of BCIPHIPP, BDCIPP, and DPhP excreted through urine were 1700, 
330 and 19000 ng/day (Figure 6.4). BDCIPP and DPhP in urine was more likely due to direct intake 
from food, rather than the metabolism from their parents. The intakes of other mOPEs was not 
investigated due to either the limited detection frequencies or the lack of biomonitoring data. More 
details on the calculations were provided in Table S5.8.  
  
Figure 6.4 The estimated daily intake and excretion of mOPEs in Australian adults. Concentration of 
analytes in urine and environmental matrices were analysed previously in the same laboratory (Van den 
Eede, Heffernan, et al. 2015; He, Wang, et al. 2018), while toxicokinetic data were reported by the 
University of Antwerp (Van den Eede et al. 2016; Van den Eede, Erratico, et al. 2015). 
The half-lives of OPEs are short, and they can be transformed into specific metabolites in a short time 
(Wei et al. 2015; Veen and Boer 2012). In a toxicokinetic study, after taking TBOEP orally, the 
highest concentrations of OH-TBOEP and BBOEHEP in urines were observed within 2-4 h, with 
half-lives between 1.5 and 6.1 h, while high concentrations of BBOEP in urine were found around 10 
h (Völkel et al. 2018). This suggested that these mOPEs may affect the interpretation of biomonitoring 
studies, especially in the first few hours after taking them via diet. However, apart from the 
metabolites of TBOEP, there is a lack of information on the excretion time and excretion rate of the 
other mOPEs via urine, and this needs to be assessed in future studies. Previous studies reported 
higher concentrations of mOPEs in urine samples collected in the afternoon and evening compared 
to the morning (Hoffman et al. 2015b; Meeker et al. 2013c). Considering the high dietary intake of 
mOPEs found in the current study, the higher concentrations of mOPEs in the afternoon and evening 
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might also be caused by the contribution through diet in these previous studies. Therefore, our 
findings suggested that the first morning void, before breakfast, is better for biomonitoring studies on 
OPE in the future. 
6.3.5 Strengths and limitations 
To our knowledge, this is the first study to assess the dietary intake of OPEs and mOPEs combined. 
In total 92 food samples belonging to 8 food groups were collected in three different stores in 
southeast Queensland, Australia. We also estimated the daily intake of OPEs via three different 
pathways, including dermal contact with dust, inhalation, and food ingestion, for the Australian 
population. The estimates from our study indicated that the intakes of mOPEs from diet were higher 
than the mass of those metabolites excreted through urine, which could lead to an overestimation of 
OPE exposure assessment in biomonitoring studies.  
There were a number of limitations associated with our study. Firstly, sample size was still relatively 
small and since we strictly followed the Australian Dietary Guidelines to estimate the human intake 
of OPEs and mOPEs, only an average intake of each food group was used in this study, which 
excluded the weight factor of the individual item. For example, we collected several non-alcoholic 
beverages, including juice, coffee, and tap water for the analysis. The average value of these three 
items was used as the analyte concentration in the non-alcoholic beverage, while in reality, tap water 
was consumed much more than the others. However, we did not find any significant differences 
among the concentrations of an analyte within food groups. Thus, the consistency in results may 
indicate that bias, caused by the lack of weight factor for each food item, may be minimal. 
Secondly, the cooking process was not considered in this study. Although OPE and mOPEs have low 
volatilities and high thermal stability, it is possible that the concentrations of OPE increase or decrease 
during the cooking process. Aznar-Alemany et al. (2017) studied the effect of cooking on the 
concentration of BFRs in seafood, and the results suggested that the concentrations of BFRs increased 
during the cooking process. By contrast, Schecter et al. (2006) reported decreased concentrations of 
PBDE after cooking. However, these increases and decreases may have also been caused by 
changes/loss of fat and water (Marques et al. 2011). 
Moreover, there is a gap between sample collection years. Urine samples were collected in 2010-
2013, air and dust samples were collected in 2015, while food samples were collected in 2018. As 
concentrations of mOPEs have been increasing in the past few years (Hoffman, Butt, et al. 2017), the 
excretion of OPEs may be underestimated in this study.  
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Chapter 7: Conclusion: key findings and outlook  
 
 
 
7.1 Key findings of this Ph.D. project 
Available methods for measuring PBDEs and OPEs in abiotic samples traditionally require multiple 
extractions or the few available methods often result in interferences.  In this thesis, I established a 
method that allows a one-step extraction and sequential sample purification leading to satisfying 
sensitivity for quantification of PBDEs and OPEs in dust and air, and demonstrated that typically 
OPEs are found at substantially higher levels than BDEs.  This result served to focus the remainder 
of my PhD on OPEs with the specific aim to determine exposure pathways for a wide range of OPEs 
in the Australian population. The key findings of my thesis are described below. 
7.1.1. Levels and sources of OPEs and PBDEs in Australian indoor environment 
Flame retardants, including PBDEs and OPEs, are ubiquitous chemicals that have been detected in 
all environmental matrices, especially in indoor environmental compartments. In this project, we 
firstly developed a multi-residue method to analyse PBDEs and OPEs in dust samples simultaneously 
(Chapter 2). Based on this method, the concentrations of nine OPEs and eight PBDEs were measured 
in indoor dust and air collected from Australian houses, offices, hotels, and transport (buses, trains, 
and aircraft) (Chapter 3). All target compounds were detected in indoor dust and air samples. Median 
∑9OPEs concentrations were 40 µg/g in dust and 44 ng/m3 in indoor air, while median ∑8PBDEs 
concentrations were 2.1 µg/g and 0.049 ng/m3. Higher concentrations of OPEs and PBDEs were 
found in dust collected from transport, which were probably due to higher flammability standards in 
transport. Concentrations of flame retardants (sum of OPEs and PBDEs) in both air and dust samples 
collected in offices were significantly higher than in samples collected from private houses.  Through 
an evaluation of the contents of the sampled dwellings we found that FRs were higher in rooms that 
contained carpet, air conditioners, and various electronic items, indicating that these indoor products 
might be an important source of PBDEs and OPEs in indoor environments. As it was determined that 
levels of OPEs are much higher than those of PBDEs and, as a greater body of literature exists for 
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PBDEs compared with few studies on OPEs, the focus of this study was re-directed to assess OPE 
exposure and pathways. 
7.1.2. Human external exposure to OPEs  
Dermal contact, ingestion (including dietary ingestion and dust ingestion), and inhalation are the three 
major pathways of human exposure to OPEs. In this project, human intake of OPEs via inhalation, 
dermal contact with dust, and dust ingestion from indoor environment were estimated in Chapter 3, 
while dietary ingestion was estimated in Chapter 6. Estimated daily intake via different pathways 
were summarised in Table 7.1. Among all the analytes, dietary intake is the most important pathway 
for TBP, TCEP, and TCIPP, which accounts for 95%, 81%, and 76% of total daily intake, 
respectively. Dust contact had the highest contribution to exposure to TBOEP (50%). For the other 
analytes, intake from dietary ingestion was not assessed due to the low (<50%) detection frequencies 
in food samples. Inhalation was a more significant pathway for volatile OPEs, i.e. TBP, TCEP and 
TCIP, with a higher contribution to the total daily intake when compared to estimates for intake via 
dust ingestion and dermal contact with dust.  
Table 7.1 Human intake (median) of OPEs via different pathways for Australian adults (ng/kg 
bw/day) 
 Inhalation Dust ingestion Dermal contact Dietary ingestion 
TBP 0.40 0.003 0.013 8.1 
TCEP 0.68 0.023 0.10 3.4 
TCIPP 6.6 0.28 1.2 25 
TDCIPP 0.011 0.022 0.11 <1.1 
TBOEP 0.028 0.58 2.4 1.8 
TPhP 0.090 0.059 0.22 <0.15 
EHDPP 0.039 0.21 0.70 <5.0 
TEHP 0.0031 0.0074 0.034 <0.13 
TMPP 0.0034 0.0037 0.017 <0.18 
 
In Chapter 3, the daily intakes of OPEs for children were also estimated, which were higher than that 
for adults. A preliminary assessment on the dietary intake for young children was conducted by 
analysing the concentration of OPEs in breastmilk, though the sampling size was limited. Table 7.2 
summarized the daily intake for young children via different pathways. Dietary ingestion (breast 
milk) was the highest exposure pathway for OPEs, except for TPhP. 
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Table 7.2 Estimated daily intake of OPEs via different pathways for infants in Australia (ng/kg 
bw/day) 
 Inhalation Dust ingestion Dermal contact 
Dietary ingestion from 
breast feeding 
TBP 0.61 0.26 0.043 26 
TCEP 1.1 2.3 0.35 4.6 
TCIPP 5.1 22 3.4 220 
TDCIPP 0.018 3.1 0.49 4.0 
TBOEP 0.047 32 5.6 66 
TPhP 0.12 2.4 0.39 0.27 
EHDPP 0.034 2.9 0.47 15 
TEHP 0.0048 0.74 0.12 76 
TMPP 0.006 0.42 0.065 7.6 
 
Compared with the health-based RfD values suggested by Van de Eede et al. (2011), the median total 
estimated daily intake of TDCIPP, which had the highest EDI to RfD value, accounted for 2.2% of 
the RfD value for adults (Fig 7.1). Even though using LOD/2 values for those analytes below LOD, 
the EDIs of OPEs were 2-5 orders of magnitude lower for adults. For children, TDCIPP had the 
highest EDI to RfD percentage amongst OPE exposed individuals, accounting for 17% of RfD. This 
suggested a higher risk of OPE exposure for children. Although the daily intake data suggest limited 
adverse effects on humans from OPE exposure, concerns are still warranted due to an increasing 
production volume and usage of OPEs. This is particularly the case for children and persons subjected 
to occupational exposure. 
 
Figure 7.1 The percentage of estimated daily intake to RfD values of Australian adults and children 
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7.1.3. Human internal exposure to OPEs 
In addition to external exposure I assessed human internal exposure to OPEs by analysing the specific 
metabolites of OPEs in age and sex stratified pooled urine samples collected from Australian children. 
In Chapter 4, the age trends of different OPEs and their metabolites were investigated. Concentrations 
of TCEP, BCEP, TEHP, and DBP decreased with age, while BMPP increased with age. We found a 
concentration peak in pools from 1-2 year old children for TDCIPP, BCIPHIPP and BBOEP. The 
concentration of BCIPP decreases from 0-2 years old, and then started increasing.  
We further investigated OPEs in individual urine samples from toddlers that were part of a small birth 
cohort where we focused on assessing the influence of personal behavioural and environmental risk 
factors, relating this to urinary concentrations of OPE metabolites. Age was positively associated with 
concentrations of BBOEP and negatively associated with concentrations of BCIPP and BCIPHIPP. 
Other factors, including vacuuming frequency, hand-washing frequency and presence and prevalence 
of some electrical appliances in the home were also associated with concentrations of OPE 
metabolites. 
7.1.4 Pathways of OPEs metabolites: can metabolites be used as biomarkers of OPEs? 
Typically we monitor parent chemicals when we assess external exposure and the metabolites in urine 
when we measure internal exposure where the assumption is that intake is predominantly of the parent 
chemical and all the excretion of a given metabolite can be related to the specific parent compound.  
The question is whether we may be exposed to metabolites themselves who may be persistent and 
polar enough to be excreted via urine. In my thesis I therefore developed a method to also measure 
the OPE metabolites in food samples and estimate intake of the metabolites themselves.  In chapter 
6, we analysed 9 OPE parent chemicals and 11 OPE metabolites in the eight most commonly 
consumed  food groups for the Australian population. Our results suggested that in the food samples, 
concentrations of OPE metabolites were higher than that of OPE parent chemicals. BCIPHIPP, DBP, 
DPhP, BBOEP, and BEHP were detected in >50% samples. The intakes of OPE metabolites, i.e. 
BCIPHIPP, BDCIPP and DPhP from diet were higher than that from metabolism results from their parent 
chemicals. Considering the short half-lives of OPE and OPE metabolites, our findings suggested that the 
first morning void, prior to breakfast, is better for biomonitoring studies on OPEs. 
7.2 Outlook on future research 
There is a relative paucity on OPE exposure data in general and specifically with regard to exposure 
in vulnerable populations such as children and mothers. As always there are many new questions that 
came out of this thesis. One of the main issues concerns  toxicity including chronic exposure.  But 
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this is beyond my work hence I focus on three areas directly related to outcomes from my thesis.  
These include sources, pharmacokinetics, and most intriguingly the role of exposure to metabolites 
and associated interpretation of analysed urine.  
 
7.2.1. Sources of OPEs: association between indoor products and OPE concentrations 
There are several studies focusing on identifying the sources of OPEs in the indoor environment (Ali 
et al. 2012; Carlsson et al. 2000; Johnson-Restrepo and Kannan 2009; Brandsma et al. 2014), 
however, this has not been well understood. OPEs were mainly used as additive flame retardants in 
indoor products, thus, these products were considered an important source in indoor environments. 
However, the association between products and concentrations of OPEs were different in studies. For 
example, Ohura et al. (2006) suggested carpet was a potential source of OPEs in indoor environments. 
By contrast, carpet was not a significant contributing factor to houses in the UK (Brommer and Harrad 
2015). In this study, we found that indoor consumer products including carpet, laptops and some other 
electrical equipment have some effects on the level and distribution of OPEs in indoor environments. 
In future, more work is required to identify the sources of each individual OPE, using surface wipe 
samplers, X-ray fluorescence (XRF) and other techniques.  
Similarly, because of the restriction on some OPE products in the commercial markets (Dodson et al. 
2012), there may be a shift in the usage and profile of OPEs in these products, consequently shifting 
the levels and profile of OPEs in indoor environments. Future research can focus on the comparison 
of OPE profile before and after the ban of these chemicals. 
7.2.2. Variability and excretion time in humans  
OPEs were believed to have a short half-lives in humans, ranging from several hours to several days, 
while variations in behaviours and movement between different microenvironments may create 
within-person variability of OPEs. In a study of pregnant women in the United States, there were 
moderate to strong consistency of concentrations of BDCIPP and DPhP over one week (Hoffman et 
al. 2014). This was probably because of the limited movement of these pregnant participants. There 
is no data available for the variability of OPEs concentration in the general population.  
Since the variations of OPE concentration in environmental components were large (Wong et al. 
2018), the human exposure to OPE may differ from time to time. In future works, it is necessary to 
estimate the excretion time of OPEs, and therefore to assess the variability of OPEs when participants 
move between different microenvironments.  
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7.2.3. Are we using the proper biomarkers – pathways and fate of OPE metabolites 
OPE metabolites are considered as the biomarkers of OPEs, based on the evidence of some in vitro 
studies (Van den Eede et al. 2016; Van den Eede, Erratico, et al. 2015; Van den Eede et al. 2013). 
These OPE metabolites were more frequently detected in urine and serum samples, thus these media 
have been used extensively to estimate human exposure to OPEs. However, there is a lack of 
pharmacokinetic studies including excretion factors for the metabolites of OPEs and even more so 
whether OPE metabolites, when consumed, are excreted or further metabolised. Similarly, there is 
very limited data of the levels of OPE metabolites in environmental and biota samples (Van den Eede, 
Heffernan, et al. 2015; Hou et al. 2017). In chapter 6, we found that dietary ingestion can be an 
important pathway of OPE metabolites, with a higher intake than OPE parent chemicals. This finding 
suggested these “biomarkers” could be taken directly from diet. Furthermore, the estimated daily 
intake of OPEs is well below the health-based RfD values in all the studies, suggesting that the 
adverse effect of OPE exposure to human's health is limited. However, some studies found an maybe 
correlation or relationship??? of concentrations of OPE metabolites to some health index (Meeker  
and Stapleton 2010). One possible reason may be the exposure to their related metabolites. In future 
research, the contribution of intake of OPE metabolites via inhalation, dermal contact, and dust 
ingestion should also be investigated.   
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Table S1.1 Detailed procedure of reported methods for individual and multi-residue OPE analysis 
Target compounds Wt (g) Fractionation Clean-up for PBDEs Clean-up for OPEs MDL (ng/g) LOQ (ng/g) Ref 
OPEs 0.06 - - HLB 70-430 230-1430 
(Fan et al. 
2014) 
OPEs + PBDEs 0.1 - florisil florisil 2-275 - 
(Cristale 
and 
Lacorte 
2013) 
OPEs 0.075 - - florisil  20-500 
(Van den 
Eede et al. 
2011) 
OPEs + PBDEs 0.075 florisil Acidified Silica gel -  0.04-370 
(Van den 
Eede et al. 
2012) 
OPEs + PBDEs 0.03-0.1 Silica gel - - - - 
(Ionas and 
Covaci 
2013) 
OPEs + PBDEs 0.2 - NH2 glass columns -  26.3-1580 
(Mercier et 
al. 2014) 
OPEs + PBDEs 0.1 Silica + Alumina florisil Envi-Carb  0.14-1100 This study 
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Table S1.2 Retention times, collision energies (CE), quantifier and qualifier ions of the target compounds 
analysed using GC-QqQ-MS/MS 
Analyte RT (min) Type 
Internal 
standard 
Precursor 
ion (m/z) 
Product ion 
(m/z) 
CE (V) 
OPEs       
TPrP 6.92 quantifier TnBP-d27 98.8 80.98 17 
TPrP 6.92 qualifier TnBP-d27 140.86 98.98 10 
TiBP 7.88 quantifier TnBP-d27 98.9 80.9 17 
TiBP 7.88 qualifier TnBP-d27 98.9 63.1 30 
TnBP-d27 8.81 quantifier - 102.96 62.95 30 
TnBP-d27 8.81 qualifier - 102.96 82.95 17 
TnBP 8.99 quantifier TnBP-d27 98.9 80.9 17 
TnBP 8.99 qualifier TnBP-d27 98.9 63.1 30 
TCEP 10.06 quantifier TCIPP-d18 142.85 116.80 10 
TCEP 10.06 qualifier TCIPP-d18 248.90 124.95 10 
TCIPP-d18 10.18,10.31,10.42 a quantifier - 130.87 102.97 12 
TCIPP-d18 10.18,10.31,10.42 a qualifier - 163.88 119.93 10 
TCIPP 10.32, 10.44, 10.54 a quantifier TCIPP-d18 98.9 80.9 17 
TCIPP 10.32, 10.44, 10.54 a qualifier TCIPP-d18 124.9 98.9 12 
TDCIPP 14.93 quantifier TCIPP-d18 98.90 81.10 15 
TDCIPP 14.93 quantifier TCIPP-d18 380.95 158.89 12 
TPhP-d15 15.50 qualifier - 340.95 180.10 17 
TPhP-d15 15.50 quantifier - 340.95 223.20 22 
TBOEP 15.54 qualifier TPhP-d15 124.9 98.9 10 
TBOEP 15.54 quantifier TPhP-d15 125 99 10 
TPhP 15.57 qualifier TPhP-d15 215 168.1 17 
TPhP 15.57 quantifier TPhP-d15 326.1 325.3 12 
EHDPP 15.74 qualifier TPhP-d15 251 77 30 
EHDPP 15.74 quantifier TPhP-d15 251 151. 25 
TEHP 15.97 qualifier TPhP-d15 98.9 63.0 30 
TEHP 15.97 quantifier TPhP-d15 98.90 80.95 17 
TMPP 17.46, 17.69, 17.93 a qualifier TPhP-d15 368 165 30 
TMPP 17.46, 17.69, 17.93 a quantifier TPhP-d15 368 243 22 
PBDEs       
BDE 28 14.54 quantifier 13C-BDE 28 405.8 245.89 15 
BDE 28 14.54 qualifier 13C-BDE 28 407.8 247.89 20 
13C-BDE 28 14.54 quantifier - 417.84 258.04 10 
13C-BDE 28 14.54 qualifier - 419.84 260.04 40 
BDE 47 16.57 qualifier 13C-BDE 47 483.71 323.84 20 
BDE 47 16.57 quantifier 13C-BDE 47 485.71 325.84 20 
Appendix 1. Supplementary information for Chapter 2 
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Analyte RT (min) Type 
Internal 
standard 
Precursor 
ion (m/z) 
Product ion 
(m/z) 
CE (V) 
13C-BDE 47 16.57 qualifier - 497.71 337.84 15 
13C-BDE 47 16.57 quantifier - 499.75 339.95 25 
13C-BDE 77 16.35 qualifier - 497.71 337.84 15 
13C-BDE 77 16.35 quantifier - 499.75 339.95 25 
BDE 100 18.08 quantifier 13C-BDE 100 563.65 403.81 25 
BDE 100 18.08 qualifier 13C-BDE 100 565.62 405.80 20 
13C-BDE 100 18.08 quantifier - 575.66 415.86 25 
13C-BDE 100 18.08 qualifier - 577.66 417.86 25 
BDE 99 18.55 quantifier 13C-BDE 99 563.65 403.81 25 
BDE 99 18.55 qualifier 13C-BDE 99 565.62 405.8 20 
13C-BDE 99 18.55 quantifier - 575.66 415.86 25 
13C-BDE 99 18.55 qualifier - 577.66 417.86 25 
BDE 154 19.71 quantifier 13C-BDE 154 641.53 481.70 20 
BDE 154 19.71 qualifier 13C-BDE 154 643.53 483.73 25 
13C-BDE 154 19.71 quantifier - 655.57 495.77 25 
13C-BDE 154 19.71 qualifier - 657.57 497.77 15 
BDE 153 20.43 quantifier 13C-BDE 153 641.53 481.70 20 
BDE 153 20.43 quantifier 13C-BDE 153 643.53 483.73 25 
13C-BDE 153 20.43 qualifier - 655.57 495.77 25 
13C-BDE 153 20.43 quantifier - 657.57 497.77 15 
BDE 183 22.97 quantifier 13C-BDE 183 721.44 561.76 20 
BDE 183 22.97 qualifier 13C-BDE 183 723.43 563.63 25 
13C-BDE 183 22.97 quantifier - 733.48 573.68 30 
13C-BDE 183 22.97 qualifier - 735.48 575.68 30 
a : three isomers were found in gas chromatography for TCIPP-d18, TCIPP, and TMPP. We use the 
sum area of three peaks for quantification. 
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Table S1.3 Dust concentrations (μg/g) of OPEs and PBDEs detected in Australian indoor environment  
 Mean (μg/g) 
Geometric 
mean (μg/g) 
Median 
(μg/g) 
Max (μg/g) Min (μg/g) 
Detection 
frequency (%) 
OPEs       
TCEP 1.5 0.9 0.82 5.8 0.15 100 
TCIPP 14 9.8 8.9 35 2.6 100 
TDCIPP 2.8 2.2 1.8 6.5 0.9 100 
TPrP <0.0062 <0.0062 <0.0062 0.012 <0.0062 40 
TiBP 0.11 0.075 0.055 0.32 <0.038 90 
TnBP 0.16 0.13 0.12 0.36 <0.16 50 
TEHP <0.42 <0.42 <0.42 0.45 <0.42 10 
TBOEP 20 11 11 100 2.8 100 
TPhP 0.72 0.61 0.58 1.6 0.31 100 
TMPP 0.35 0.22 0.18 1.5 0.082 100 
EHDPP 1.2 1.1 1 2.3 0.44 100 
∑OPEs 41 34 31 140 15 - 
PBDEs       
BDE 28 0.003 <0.00058 <0.00058 0.021 <0.00058 20 
BDE 47 0.092 0.055 0.045 0.42 0.0097 100 
BDE 99 0.11 0.071 0.047 0.36 0.021 100 
BDE 100 0.016 0.0084 0.0067 0.072 0.002 80 
BDE 153 0.0094 0.0055 0.0036 0.028 0.0015 100 
BDE 154 <0.0031 <0.0031 <0.0031 0.029 <0.0031 20 
BDE 183 0.011 0.0041 0.0054 0.049 <0.001 90 
BDE 209 3.4 1.3 0.87 21 0.17 100 
∑PBDEs 3.6 1.5 1.0 21 0.27 - 
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Figure S1.1 Comparison of clean-up efficiency of different cartridges, where dust extracts were purified by 
(A, and B) silica gel/alumina (A: PBDE fraction, and B: OPE fraction), (C)  SuplecleanTM Envi-Carb, (D) 
StrataTM FL-PR, (E) StrataTM W-AX, and (F) Oasis® HLB 
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1. Sampling protocols. 
Dust and air samples were collected in Brisbane and Canberra, Australia (Fig. S2.1), from 
January to March 2015. 
 
Figure S2.1 Map of sampling sites 
 
2. Chemicals 
A mixture solution of 8 PBDE congeners (BDE 28, 47, 99, 100, 153, 154, 183, and 209) and a 
neat standard of EHDPP were purchased from AccuStandard Inc (New Heaven, CT, USA). 
TCEP, TDCIPP, TnBP, TEHP, TBOEP, TPhP, TMPP standards were purchased from Sigma-
Aldrich (St Louis, MO, USA), and TCIPP were purchased from Dr. Ehrenstorfer (Augsburg, 
Germany). 13C12-PBDE mixture solution and 
13C12-BDE 209 were purchased from Wellington 
Laboratories Inc (Guelph, ON, Canada), TCIPP-d18, TnBP-d27 and TPhP-d15 were purchased 
from Cambridge Isotope laboratories, Inc (Andover, MA, USA). All solvents were of 
liquid/gas chromatography grade. Acetone, n-hexane, dichloromethane (DCM) were 
purchased from Merck (Darmstadt, Germany), while ethyl acetate (EtAc) was purchased from 
Fisher Scientific (Fair Lawn, NJ, USA). Ultra-pure water was obtained from a Milli-Q filtration 
unit (Merck Millipore, MA, USA). StrataTM empty SPE tube (12 cc) and StrataTM FL-PR (500 
mg/3 mL) cartridges were obtained from Phenomenex (Torrance, CA, USA), and SuplecleanTM 
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Envi-Carb (0.25 g/3 mL) was obtained from Supleco (Bellefonte, PA, USA), respectively. 
Silica gel (40 - 63 μm, Sigma Aldrich) and alumina (150 mesh, Sigma Aldrich) were activated 
(at 140 ºC and 180 ºC for overnight, respectively) and deactivate (with 3% and 6% Milli-Q 
water, respectively) before use. Sodium sulfate anhydrous (AR grade, Fisher Scientific) was 
baked at 400 ºC, and then stored in a desiccator. 
3. Instrumental analysis 
All compounds were analysed using a TSQ Quantum GC (Thermo Fisher Scientific) system 
coupled with triple quadrupole mass spectrometer Quantum (QqQ) and a TRACE GC Ultra 
equipped with a TriPlus autosampler, except for BDE 209, which was analysed on a Shimadzu 
QP2010 gas chromatography mass spectrometer (GC-2010 coupled with a GCMS QP-2010). 
3.1 GC-QqQ-MS/MS 
A DB-5MS column (30 m × 0.25 mm i.d.; 0.25 μm film thickness, J&W Scientific) was used 
for separation in the GC. The oven temperature was programmed as follows:  initial 
temperature was 80 °C for 2 min and increased to 180 °C at 20 °C∙min−1 and held for 0.5 min, 
then to 300 °C at 10 °C∙min−1 and held at this temperature for 5 min. The total run time was 25 
min at constant flow rate of 1.0 mL∙min−1. The programmed temperature vaporization (PTV) 
injector temperature was held at 80°C during injection for 0.1 min, then ramped at 14.5 °C∙s−1 
to 200 °C and held for 1 min. The volume injected was 1.0 μ L, in splitless mode. The QqQ 
mass spectrometer was operated in electron ionization (EI) mode using the multiple reactions 
monitoring (MRM) mode with an emission current set at 20 μA. The transfer line and ionization 
source temperatures were set at 280 °C and 270 °C, respectively. The collision gas pressure 
was set at 1.5 mTorr and the cycle time was set to 0.4 s. Q1 peak width (FWHM) was set to 
0.7 amu. MRM transitions, collision energy for each transition, and average retention times 
(RTs) are presented in Table S2.  
Table S2.1 Retention times, collision energies (CE), quantifier and qualifier ions of the target 
compounds analysed using GC-QqQ-MS/MS 
Analyte RT (min) Type 
Internal 
standard 
Precursor 
ion (m/z) 
Product 
ion (m/z) 
CE 
(V) 
OPEs       
TnBP-d27 8.81 quantifier - 102.96 62.95 30 
TnBP-d27 8.81 qualifier - 102.96 82.95 17 
TnBP 8.99 quantifier TnBP-d27 98.9 80.9 17 
TnBP 8.99 qualifier TnBP-d27 98.9 63.1 30 
TCEP 10.06 quantifier TCIPP-d18 142.85 116.80 10 
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Analyte RT (min) Type 
Internal 
standard 
Precursor 
ion (m/z) 
Product 
ion (m/z) 
CE 
(V) 
TCEP 10.06 qualifier TCIPP-d18 248.90 124.95 10 
TCIPP-d18 10.18,10.31,10.42 a quantifier - 130.87 102.97 12 
TCIPP-d18 10.18,10.31,10.42 a qualifier - 163.88 119.93 10 
TCIPP 10.32, 10.44, 10.54 a quantifier TCIPP-d18 98.9 80.9 17 
TCIPP 10.32, 10.44, 10.54 a qualifier TCIPP-d18 124.9 98.9 12 
TDCIPP 14.93 quantifier TCIPP-d18 98.90 81.10 15 
TDCIPP 14.93 quantifier TCIPP-d18 380.95 158.89 12 
TPhP-d15 15.50 qualifier - 340.95 180.10 17 
TPhP-d15 15.50 quantifier - 340.95 223.20 22 
TBOEP 15.54 qualifier TPhP-d15 124.9 98.9 10 
TBOEP 15.54 quantifier TPhP-d15 125 99 10 
TPhP 15.57 qualifier TPhP-d15 215 168.1 17 
TPhP 15.57 quantifier TPhP-d15 326.1 325.3 12 
EHDPP 15.74 qualifier TPhP-d15 251 77 30 
EHDPP 15.74 quantifier TPhP-d15 251 151. 25 
TEHP 15.97 qualifier TPhP-d15 98.9 63.0 30 
TEHP 15.97 quantifier TPhP-d15 98.90 80.95 17 
TMPP 17.46, 17.69, 17.93 a qualifier TPhP-d15 368 165 30 
TMPP 17.46, 17.69, 17.93 a quantifier TPhP-d15 368 243 22 
PBDEs       
BDE 28 14.54 quantifier 13C-BDE 28 405.8 245.89 15 
BDE 28 14.54 qualifier 13C-BDE 28 407.8 247.89 20 
13C-BDE 28 14.54 quantifier - 417.84 258.04 10 
13C-BDE 28 14.54 qualifier - 419.84 260.04 40 
BDE 47 16.57 qualifier 13C-BDE 47 483.71 323.84 20 
BDE 47 16.57 quantifier 13C-BDE 47 485.71 325.84 20 
13C-BDE 47 16.57 qualifier - 497.71 337.84 15 
13C-BDE 47 16.57 quantifier - 499.75 339.95 25 
13C-BDE 77 16.35 qualifier - 497.71 337.84 15 
13C-BDE 77 16.35 quantifier - 499.75 339.95 25 
BDE 100 18.08 quantifier 13C-BDE 100 563.65 403.81 25 
BDE 100 18.08 qualifier 13C-BDE 100 565.62 405.80 20 
13C-BDE 100 18.08 quantifier - 575.66 415.86 25 
13C-BDE 100 18.08 qualifier - 577.66 417.86 25 
BDE 99 18.55 quantifier 13C-BDE 99 563.65 403.81 25 
BDE 99 18.55 qualifier 13C-BDE 99 565.62 405.8 20 
13C-BDE 99 18.55 quantifier - 575.66 415.86 25 
13C-BDE 99 18.55 qualifier - 577.66 417.86 25 
 146 
 
Analyte RT (min) Type 
Internal 
standard 
Precursor 
ion (m/z) 
Product 
ion (m/z) 
CE 
(V) 
BDE 154 19.71 quantifier 13C-BDE 154 641.53 481.70 20 
BDE 154 19.71 qualifier 13C-BDE 154 643.53 483.73 25 
13C-BDE 154 19.71 quantifier - 655.57 495.77 25 
13C-BDE 154 19.71 qualifier - 657.57 497.77 15 
BDE 153 20.43 quantifier 13C-BDE 153 641.53 481.70 20 
BDE 153 20.43 quantifier 13C-BDE 153 643.53 483.73 25 
13C-BDE 153 20.43 qualifier - 655.57 495.77 25 
13C-BDE 153 20.43 quantifier - 657.57 497.77 15 
BDE 183 22.97 quantifier 13C-BDE 183 721.44 561.76 20 
BDE 183 22.97 qualifier 13C-BDE 183 723.43 563.63 25 
13C-BDE 183 22.97 quantifier - 733.48 573.68 30 
13C-BDE 183 22.97 qualifier - 735.48 575.68 30 
a : three isomers were found in gas chromatography for TCIPP-d18, TCIPP, and TMPP. We 
use the sum area of three peaks for quantification. 
3.2 GCMS-QP2010 
An Agilent DB-5MS column (10 m × 0.25 mm i.d.; 0.25 μm film thickness) was used for BDE 
209 analysis. The oven temperature was programmed as follows: the initial temperature was 
100 °C for 1 min and increased to 190 °C at 20 °C∙min−1 and held for 1.5 min, then to 280 °C 
at 20 °C∙min−1 and held at this temperature for 2 min. The volume injected was 1.0 μL, in 
splitless mode, and temperature for injector was 270 °C. Negative chemical ionization (NCI) 
was used for MS, and temperatures for ion source and interface are both 270 °C.  Mass to 
charge ratios (m/z) of 484.6 and 486.6 were used for BDE 209 quantification, while 494.6 and 
496.6 were used for 13C-BDE 209. 
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4. Derivation of concentration in air 
The design of passive air sampler were shown in Fig S2.2. For individual sample, a PUF disk 
was inserted into a metal housing covered by a GFF. This feature allows that both airborne 
particulates and volatile chemicals are collected.  
.  
Figure S2.2 Design of passive air sampler 
Air concentrations were calculated basing on a study from Rauert et al. (Rauert et al.). 
Generally, concentrations in air for targeted chemicals are derived from passive air samplers 
(PAS) by dividing the amount of chemical collected on the sampler (e.g. pg/sampler) by an 
effective air sample volume (Veff, m
3). Linear phase sampling rate in passive samplers was 
reported to be 4.0 m3/day for OPEs (Shoeib et al. 2014; Liu et al. 2016) and 3.5 m3/day for 
PBDE congeners (Harner et al. 2006).  
To validate the Veff values, both PAS and active air samples (AAS) were collected in one of 
the office sites during the same sampling period.  Measured concentrations were calculated by 
summing up the concentrations in particle and gas phase from AAS, while estimated 
concentrations were calculated basing on the Veff values of 4.0 m
3/day for OPEs and 3.5 m3/day 
for PBDEs. The relationships between measured concentrations and estimated concentrations 
were shown in Fig S2.1. The great agreement supports the use of these sampling rates for 
estimation of OPE and PBDE concentrations in this study. 
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Figure S2.3 Comparisons between concentrations of OPEs (left panel) and PBDEs (right panel) 
derived from active air samples and passive air sample at an office site. Chemicals that not detected in 
either PAS or AAS were not shown in the plot.  
5. QA/QC 
LODs were defined as the average field blank concentrations plus three times their SD, and 
LOQs were blank concentrations plus ten times their SD, which were 0.20-1000 ng/g for dust 
and 0.00080-0.29 ng/m3 for air samples. LOQs for individual chemicals were list in Table S2. 
Table S2.2 Limits of quantification for individual OPE and PBDE 
 LOQ in dust samples (μg/g) LOQ in air samples (ng/m3) 
TnBP 0.16 0.096 
TCEP 0.010 0.060 
TCIPP 1.0 0.29 
TDCIPP 0.52 0.041 
TBOEP 0.59 0.023 
TPhP 0.13 0.060 
EHDPP 0.12 0.0093 
TEHP 0.45 0.0021 
TMPP 0.014 0.0093 
BDE28 0.0010 0.0011 
BDE47 0.0080 0.0019 
BDE99 0.0040 0.00034 
BDE100 0.0040 0.0047 
BDE153 0.0020 0.00080 
BDE154 0.016 0.00080 
BDE183 0.0010 0.00080 
BDE209 0.010 0.0070 
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6. Correlations of FRs in different microenvironment 
Table S2.3 Concentrations of OPEs and PBDEs in indoor dust samples (μg/g) 
 
DF 
(%) 
All 
environment a 
(n=85) 
House (n=40) a Office (n=27) a 
Transportation a 
(n=15) 
Hotel b (n=3) 
TnBP 28 
<LOD-2.3 
(<LOD) 
<LOD-0.28 (<LOD) <LOD-0.39 (<LOD) <LOD-14 (0.17) <LOD (<LOD) 
TCEP 100 0.16-10 (0.67) 0.18-0.78 (0.66) 0.14-13 (0.56) 0.30-26 (1.2) 0.14-1.4 (0.62) 
TCIPP 97 1.5-78 (7.2) 1.4-37 (6.4) 1.7-30 (0.57) 4.2-240 (26) 8.9-39 (14) 
TDCIPP 51 
<LOD-6.8 
(0.57) 
<LOD-6.5 (0.92) <LOD-3.9 (<LOD) <LOD-13 (1.5) <LOD-3.3 (<LOD) 
TBOEP 99 3.3-130 (15) 3.3-100 (10) 3.8-74 (17) <LOD-360 (46) 14-40 (15) 
TPhP 100 0.32-19 (1.4) 0.19-6.9 (0.74) 0.39-3.5 (1.5) 1.5-83 (6.7) 0.45-4.8 (0.47) 
EHDPP 98 0.45-76 (1.7) 0.30-2.3 (0.88) 0.85-20 (3.0) 5.9-240 (39) 1.3-2.8 (2.5) 
TEHP 13 
<LOD-0.80 
(<LOD) 
<LOD-0.68 (<LOD) <LOD-1.8 (<LOD) <LOD-0.97 (<LOD) <LOD (<LOD) 
TMPP 100 
0.034-4.6 
(0.12) 
0.032-1.5 (0.12) 0.039-0.55 (0.075) 0.080-19 (0.21) 0.087-0.32 (0.15) 
∑9OPEs - 10-350 (41) 10-140 (33) 10-210 (32) 29-680 (190) 27-66 (58) 
BDE28 45 
<LOD-0.020 
(<LOD) 
<LOD-0.045 (<LOD) <LOD-0.0051 (<LOD) <LOD-0.080 (0.0020) <LOD (<LOD) 
BDE47 99 
0.016-0.88 
(0.095) 
0.019-1.6 (0.054) 0.019-0.71 (0.11) 0.10-3.7 (0.45) 0.012-0.10 (0.019) 
BDE99 98 
0.016-1.8 
(0.10) 
0.017-2.9 (0.065) <LOD-1.2 (0.16) 0.11-3.9 (0.44) 0.020-0.12 (0.028) 
BDE100 84 
<LOD-0.34 
(0.016) 
<LOD-0.69 (0.0078) <LOD-0.25 (0.016) 0.013-2.3 (0.067) <LOD-0.020 (<LOD) 
BDE153 74 
<LOD-0.36 
(0.0091) 
<LOD-0.40 (0.0038) <LOD-0.13 (0.0091) 0.0052-3.9 (0.036) <LOD-0.016 (<LOD) 
BDE154 28 
<LOD-0.22 
(<LOD) 
<LOD-0.47 (<LOD) <LOD-0.088 (<LOD) <LOD-1.4 (0.021) <LOD (<LOD) 
BDE183 86 
<LOD-0.26 
(0.0057) 
<LOD-0.12 (0.0058) <LOD-0.29 (0.0078) <LOD-0.98 (0.0055) <LOD-0.045 (0.0081) 
BDE209 100 0.24-20 (1.3) 0.24-16 (0.95) 0.27-14 (0.1) 1.1-120 (6.3) 0.88-17 (4.0) 
∑8PBDEs - 0.46-21 (2.1) 0.42-18 (2.1) 0.55-15 (2.1) 1.5-150 (8.1) 0.94-17 (4.0) 
DF = detected frequency, n = the number of samples 
a: results are given as 5th – 95th percentile range (median)  
b: hotel concentration is described as min to max values (median), due to the limited number of samples. 
 
Table S2.4  Concentrations (median) of OPEs and PBDEs in indoor air samples (ng/m3) 
 DF (%) All air a (n=45) House a (n=40) Office a (n=27) 
TnBP 100 0.41-8.2 (1.6) 0.65-38 (1.8) 0.39-6.2 (1.6) 
TCEP 100 0.92-6.7 (2.6) 1.8-5.4 (3.2) 0.89-8.2 (2.6) 
TCIPP 100 4.8-170 (33) 3.2-62 (16) 7.9-350 (48) 
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TDCIPP 64 <LOD-0.88 (0.045) <LOD-0.95 (0.054) <LOD-0.063 (<LOD) 
TBOEP 100 0.032-0.54 (0.094) 0.033-0.50 (0.14) 0.036-0.52 (0.089) 
TPhP 98 0.097-2.2 (0.40) 0.071-2.0 (0.37) 0.13-2.7 (0.43) 
EHDPP 100 0.052-0.82 (0.14) 0.051-0.539 (0.10) 0.057-1.0 (0.27) 
TEHP 98 0.0028-0.16 (0.014) 0.0036-0.21 (0.014) 0.0031-0.14 (0.013) 
TMPP 62 <LOD-0.20 (0.012) <LOD-0.58 (0.018) <LOD-0.066 (0.010) 
∑9OPEs - 11-220 (44) 10-100 (23) 13-360 (56) 
BDE28 64 <LOD-0.017 (0.0019) <LOD-0.0055 (0.0013) <LOD-0.018 (0.0026) 
BDE47 80 <LOD-0.24 (0.013) <LOD-0.025 (0.0026) <LOD-0.26 (0.018) 
BDE99 29 <LOD-0.090 (<LOD) <LOD-0.015 (<LOD) <LOD-0.95 (<LOD) 
BDE100 46 <LOD-0.018 (<LOD) <LOD-0.0033 (<LOD) <LOD-0.020 (<LOD) 
BDE153 11 <LOD-0.029 (<LOD) all <LOD <LOD-0.0041 (<LOD) 
BDE154 9 <LOD-0.0025 (<LOD) all <LOD <LOD-0.0046 (<LOD) 
BDE183 9 <LOD-0.0010 (<LOD) <LOD-0.0031 (<LOD) all <LOD 
BDE209 96 0.0033-0.19 (0.023) 0.0071-1.1 (0.041) 0.0031-0.17 (0.014) 
∑8BDEs - 0.014-0.56 (0.049) 0.016-1.3 (0.061) 0.013-0.52 (0.045) 
a: results are given as 5th – 95th percentile range (median)  
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7. Correlations between concentrations of individual chemicals in dust and air 
Table S2.5 Correlation between concentrations of individual FR in dust 
  TnBP TCEP TCIPP BDE28 TDCIPP TBOEP TPhP EHDPP TEHP BDE47 TMPP BDE100 BDE99 BDE154 BDE153 BDE183 BDE209 
Spearman's 
rho 
TnBP Correlation 
Coefficient 
1.000                 
Sig. (2-tailed)                   
N 85                 
TCEP Correlation 
Coefficient 
-.027 1.000                
Sig. (2-tailed) .802                  
N 85 85                
TCIPP Correlation 
Coefficient 
.087 .395** 1.000               
Sig. (2-tailed) .428 .000                 
N 85 85 85               
BDE28 Correlation 
Coefficient 
.064 .467** .255* 1.000              
Sig. (2-tailed) .555 .000 .018                
N 85 85 85 85              
TDCIPP Correlation 
Coefficient 
.331** .331** .280** .172 1.000             
Sig. (2-tailed) .002 .002 .009 .113               
N 85 85 85 85 85             
TBOEP Correlation 
Coefficient 
-.042 .238* .206 .349** .000 1.000            
Sig. (2-tailed) .704 .027 .057 .001 .998              
N 85 85 85 85 85 85            
TPhP Correlation 
Coefficient 
.199 .112 .360** .320** .136 .398** 1.000           
Sig. (2-tailed) .066 .304 .001 .003 .210 .000             
N 85 85 85 85 85 85 85           
EHDPP Correlation 
Coefficient 
.125 .071 .331** .232* .063 .363** .502** 1.000          
Sig. (2-tailed) .251 .515 .002 .032 .567 .001 .000            
N 85 85 85 85 85 85 85 85          
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TEHP Correlation 
Coefficient 
.054 .092 .227* .061 .231* .144 .267* .127 1.000         
Sig. (2-tailed) .621 .398 .035 .574 .032 .187 .013 .245           
N 85 85 85 85 85 85 85 85 85         
BDE47 Correlation 
Coefficient 
.126 .513** .266* .691** .221* .324** .393** .338** .152 1.000        
Sig. (2-tailed) .248 .000 .013 .000 .041 .002 .000 .001 .161          
N 85 85 85 85 85 85 85 85 85 85        
TMPP Correlation 
Coefficient 
.310** .217* .429** .132 .301** .272* .414** .268* .298** .183 1.000       
Sig. (2-tailed) .004 .044 .000 .225 .005 .011 .000 .013 .005 .092         
N 85 85 85 85 85 85 85 85 85 85 85       
BDE100 Correlation 
Coefficient 
.078 .454** .201 .622** .214* .308** .389** .351** .167 .937** .163 1.000      
Sig. (2-tailed) .476 .000 .064 .000 .048 .004 .000 .001 .124 .000 .134        
N 85 85 85 85 85 85 85 85 85 85 85 85      
BDE99 Correlation 
Coefficient 
.149 .469** .285** .630** .210 .342** .435** .371** .225* .924** .217* .944** 1.000     
Sig. (2-tailed) .170 .000 .008 .000 .053 .001 .000 .000 .037 .000 .045 .000       
N 85 85 85 85 85 85 85 85 85 85 85 85 85     
BDE154 Correlation 
Coefficient 
.151 .442** .165 .660** .265* .311** .375** .265* .165 .755** .228* .781** .773** 1.000    
Sig. (2-tailed) .165 .000 .129 .000 .014 .004 .000 .014 .129 .000 .035 .000 .000      
N 85 85 85 85 85 85 85 85 85 85 85 85 85 85    
BDE153 Correlation 
Coefficient 
.156 .472** .292** .506** .289** .303** .369** .330** .178 .814** .179 .790** .833** .762** 1.000   
Sig. (2-tailed) .152 .000 .006 .000 .007 .005 .000 .002 .102 .000 .098 .000 .000 .000     
N 85 85 85 85 85 85 85 85 85 85 85 85 85 85 85   
 
BDE183 Correlation 
Coefficient 
.050 .185 .044 .244* .075 .208 .151 .114 -.001 .382** .055 .374** .326** .304** .289** 1.000  
  Sig. (2-tailed) .648 .087 .685 .023 .490 .055 .165 .295 .996 .000 .615 .000 .002 .004 .007    
  N 85 85 85 85 85 85 85 85 85 85 85 85 85 85 85 85  
 
BDE209 Correlation 
Coefficient 
.340** .225* .442** .309** .280** .256* .414** .291** .162 .320** .516** .282** .312** .274* .253* .232* 1.000 
  Sig. (2-tailed) .001 .037 .000 .004 .009 .017 .000 .007 .137 .003 .000 .009 .003 .011 .019 .031   
  N 85 85 85 85 85 85 85 85 85 85 85 85 85 85 85 85 85 
**. Correlation is significant at the 0.01 level (2-tailed) (in dark grey). 
*. Correlation is significant at the 0.05 level (2-tailed) (in light grey). 
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Table S2.6 Correlations between concentrations of individual FR in air 
  TnBP TCEP TCIPP BDE28 TDCIPP TBOEP TPhP EHDPP TEHP BDE47 TMPP BDE100 BDE99 BDE154 BDE153 BDE183 BDE209 
Spearman's 
rho 
TnBP Correlation 
Coefficient 
1.000                 
Sig. (2-tailed)                   
N 45                 
TCEP Correlation 
Coefficient 
-.029 1.000                
Sig. (2-tailed) .848                  
N 45 45                
TCIPP Correlation 
Coefficient 
-.129 .103 1.000               
Sig. (2-tailed) .399 .502                 
N 45 45 45               
BDE28 Correlation 
Coefficient 
.133 .258 .130 1.000              
Sig. (2-tailed) .383 .088 .394                
N 45 45 45 45              
TDCIPP Correlation 
Coefficient 
.057 .472** -.171 .166 1.000             
Sig. (2-tailed) .710 .001 .262 .276               
N 45 45 45 45 45             
TBOEP Correlation 
Coefficient 
.082 .062 -.076 -.058 .124 1.000            
Sig. (2-tailed) .592 .684 .618 .704 .419              
N 45 45 45 45 45 45            
TPhP Correlation 
Coefficient 
.047 .180 .361* .100 -.011 .165 1.000           
Sig. (2-tailed) .759 .237 .015 .512 .943 .279             
N 45 45 45 45 45 45 45           
EHDPP Correlation 
Coefficient 
.092 -.036 .279 .095 -.039 .084 .317* 1.000          
Sig. (2-tailed) .546 .815 .063 .533 .798 .583 .034            
N 45 45 45 45 45 45 45 45          
TEHP Correlation 
Coefficient 
-.043 .136 -.072 .127 -.002 .346* .072 .122 1.000         
Sig. (2-tailed) .781 .373 .639 .406 .991 .020 .637 .426           
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N 45 45 45 45 45 45 45 45 45         
BDE47 Correlation 
Coefficient 
.271 .189 .208 .755** .154 .084 .111 .222 .245 1.000        
Sig. (2-tailed) .072 .214 .170 .000 .314 .581 .468 .143 .104          
N 45 45 45 45 45 45 45 45 45 45        
TMPP Correlation 
Coefficient 
.033 .306* .005 .220 .212 .434** .447** .136 .279 .053 1.000       
Sig. (2-tailed) .827 .041 .975 .146 .162 .003 .002 .373 .064 .729         
N 45 45 45 45 45 45 45 45 45 45 45       
BDE100 Correlation 
Coefficient 
.141 .163 .155 .585** .158 .225 .035 -.038 .290 .766** .253 1.000      
Sig. (2-tailed) .356 .285 .309 .000 .300 .138 .818 .805 .054 .000 .094        
N 45 45 45 45 45 45 45 45 45 45 45 45      
BDE99 Correlation 
Coefficient 
.245 .177 .167 .520** .291 .229 .013 .064 .168 .697** .242 .837** 1.000     
Sig. (2-tailed) .104 .244 .273 .000 .052 .130 .933 .678 .271 .000 .109 .000       
N 45 45 45 45 45 45 45 45 45 45 45 45 45     
BDE154 Correlation 
Coefficient 
.214 .368* .076 .288 .335* .131 .018 .128 .055 .483** .314* .557** .616** 1.000    
Sig. (2-tailed) .159 .013 .621 .055 .025 .390 .906 .404 .720 .001 .035 .000 .000      
N 45 45 45 45 45 45 45 45 45 45 45 45 45 45    
BDE153 Correlation 
Coefficient 
.278 .368* .006 .184 .365* .043 -.087 .088 -.054 .358* .222 .463** .528** .904** 1.000   
Sig. (2-tailed) .065 .013 .967 .226 .014 .778 .569 .567 .727 .016 .143 .001 .000 .000     
N 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45   
BDE183 Correlation 
Coefficient 
.107 -.155 -.146 -.305* -.106 .143 -.265 .070 -.365* -.298* -.172 -.209 -.167 -.083 .175 1.000  
Sig. (2-tailed) .482 .311 .338 .041 .490 .348 .079 .647 .014 .047 .259 .168 .273 .585 .251    
N 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45  
BDE209 Correlation 
Coefficient 
.049 .041 -.067 -.033 .275 .420** -.027 -.020 .028 -.095 .320* .148 .109 .228 .322* .322* 1.000 
Sig. (2-tailed) .748 .791 .662 .831 .067 .004 .859 .894 .857 .533 .032 .333 .476 .131 .031 .031   
N 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45 45 
**. Correlation is significant at the 0.01 level (2-tailed) (in dark grey). 
*. Correlation is significant at the 0.05 level (2-tailed) (in light grey). 
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Figure S2.4 Correlations of KDA value to log KOA for OPEs and PBDEs in homes (A) and offices (B).  
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8. Relationship between concentrations and indoor products 
Table S2.7 Association between products and concentration (median in brackets, μg/g) of OPEs in indoor dust 
   TnBP TCEP TCIPP TDCIPP TBOEP TPhP EHDPP TEHP TMPP 
  N        Range              p        Range p Range p Range p Range p Range p Range p Range p Range p 
House  
Carpet  
 YES 39   0.20-1.0 (0.64) 0.503 2.5-32 (7.1) 0.030* 0.26-3.9 (0.93) 0.000** 5.0-48 (13) 0.053 0.32-3.2 (0.70) 0.574 0.42-2.3 (0.94) 0.467   0.042-0.59 (0.12) 0.659 
 NO 3   0.32-0.97 (0.32)  0.69-2.0 (1.5)  0.26-0.26 (0.26)  2.6-6.7 (4.0)  0.42-130 (1.4)  0.60-0.96 (0.60)    0.048-0.33 (0.16)  
A/C  
 YES 21   0.19-6.6  (0.69) 0.713 2.6-37 (6.7) 0.699 0.26-5.5 (0.83) 0.805 3.4-40 (15) 0.891 0.33-2.0 (0.72) 0.66 0.30-2.4 (0.96) 0.801   0.041-0.29 (0.12) 0.701 
 NO 21   0.29-2.0 (0.60)  1.6-30 (6.5)  0.26-3.0 (0.93)  5.3-50 (9.6)  0.31-6.6 (0.64)  0.53-1.7 (0.88)    0.042-0.16 (0.12)  
Computer  
 YES 17   0.36-3.0 (0.69) 0.663 2.4-33 (9.8) 0.651 0.26-4.3 (1.7) 0.149 3.4-24 (9.6) 0.161 0.22-3.0 (0.45) 0.055 0.49-1.5 (0.82) 0.28   0.046-0.38 (0.096) 0.619 
 NO 25   0.19-6.8 (0.60)  1.8-28 (5.3)  0.26-2.6 (0.76)  5.2-81 (11)  0.43-4.1 (0.842)  0.364-2.5 (1.1)    0.042-0.16 (0.12)  
Laptop  
 YES 14   0.16-1.7 (0.50) 0.030* 1.9-29 (8.0) 0.937 0.26-2.7 (1.1) 0.96 3.9-39 (10) 0.677 0.32-2.0 (0.58) 0.267 0.46-2.2 (1.0) 0.664   0.048-1.2 (0.11) 0.823 
 NO 28   0.29-6.9 (0.95)  2.1-33 (6.6)  0.26-4.4 (0.87)  4.0-48 (12)  0.36-4.8 (0.78)  0.41-2.0 (0.88)    0.42-0.16 (0.12)  
Fan  
 YES 11   0.19-6.6 (0.95) 0.758 1.6-38 (19) 0.497 0.26-1.3 (0.26) 0.024* 7.2-28 (15) 0.316 0.44-4.8 (0.59) 0.754 0.88-1.8 (1.3) 0.035*   0.080-0.25 (0.14) 0.346 
 NO 31   0.22-2.5 (0.62)  2.6-30 (6.2)  0.26-5.5 (0.98)  3.4-50 (9.6)  0.31-2.9 (0.84)  0.35-2.3 (0.75)    0.042-0.18 (0.12)  
TV  
 YES 39   0.22-5.9  (0.62) 0.493 1.9-32 (6.5) 0.53 0.26-3.9 (0.83) 0.565 3.7-45 (11) 0.634 0.30-4.8 (0.70) 0.838 0.42-2.3 (0.88) 0.205   0.040-0.59 (0.10) 0.528 
 NO 3   0.22-2.2 (0.64)  6.8-25 (18)  0.97-1.7 (1.3)  8.1-85 (9.7)  0.59-1.2 (0.77)  1.1-1.8 (1.8)    0.042-0.16 (0.12)  
Lamp  
 YES 4   0.53-1.3 (0.79) 0.76 3.0-12 (6.0) 0.587 0.26-2.6 (0.55) 0.632 26-92 (43) 0.010** 0.27-3.9 (1.0) 0.987 0.78-2.2 (0.96) 0.284   0.082-11 (0.12) 0.329 
 NO 38   0.20-6.0 (0.62)  2.0-33 (6.8)  0.26-4.1 (0.92)  3.7-33 (10)  0.32-3.4 (0.71)  0.41-2.0 (0.88)    0.042-0.16 (0.12)  
Iron  
 YES 11   0.32-6.6 (0.49) 0.973 1.6-26 (5.3) 0.481 0.26-3.5 (0.26) 0.489 3.4-100 (8.6) 0.969 0.43-1.9 (0.77) 0.439 0.46-1.8 (0.96) 0.972   0.070-1.5 (0.13) 0.179 
 NO 31   0.20-3.8 (0.69)  2.3-31 (8.0)  0.26-3.3 (0.93)  5.3-28 (11)  0.25-4.8 (0.70)  0.44-2.4 (0.88)    0.042-0.16 (0.12)  
Dryer  
 YES 21   0.22-2.0 (0.69) 0.421 1.5-31 (3.7) 0.389 0.26-3.0 (0.26) 0.205 5.3-50 (14) 0.669 0.25-6.6 (0.47) 0.345 0.48-2.3 (0.88) 0.796   0.041-0.37 (0.087) 0.135 
 NO 21   0.20-7.6 (0.62)  2.6-26 (7.2)  0.26-3.5 (0.97)  3.4-45 (11)  0.43-2.3 (1.2)  0.30-1.8 (0.95)    0.042-0.16 (0.12)  
Kettle  
 YES 14   0.33-3.4 (0.96) 0.413 2.2-35 (11) 0.714 0.26-4.8 (1.2) 0.603 6.1-26 (15) 0.672 0.32-4.0 (0.44) 0.162 0.54-2.4 (0.93) 0.297   0.066-0.39 (0.091) 0.992 
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 NO 28   0.20-6.3 (0.60)  2.0-30 (5.8)  0.26-3.0 (0.85)  3.7-66 (9.2)  0.37-4.0 (0.91)  0.33-1.8 (0.92)    0.042-0.16 (0.12)  
Microwave 
 YES 28   0.27-6.0 (0.70) 0.325 2.2-33 (6.9) 0.385 0.26-3.8 (0.92) 0.44 6.7-48 (11) 0.555 0.33-4.0 (0.73) 0.799 0.41-2.0 (0.85) 0.105   0.040-1.4 (0.12) 0.675 
 NO 14   0.16-2.2 (0.58)  1.8-22 (5.9)  0.26-3.5 (0.26)  6.9-43 (13)  0.31-4.0 (0.68)  0.60-2.3 (1.3)    0.042-0.16 (0.12)  
Printer 
 YES 18   0.31-2.6 (0.63) 0.753 2.0-30 (4.3) 0.384 0.26-5.9 (0.93) 0.474 4.8-46 (10) 0.941 0.30-5.3 (0.50) 0.812 0.45-1.8 (0.76) 0.248   0.044-37 (0.080) 0.11 
 NO 24   0.20-7.0  (0.63)  2.1-34 (8.4)  0.26-1.8 (0.85)  3.6-45 (12)  0.35-2.2 (0.80)  0.39-2.4 (0.96)    0.042-0.16 (0.12)  
Toaster  
 YES 6   0.30-2.4  (0.80) 0.96 2.7-23 (12) 0.929 0.26-2.6 (1.5) 0.626 5.0-21 (8.7) 0.357 0.37-1.6 (0.70) 0.652 0.43-1.2 (0.85) 0.389   0.082-11 (0.12) 0.839 
 NO 36   0.20-6.2 (0.61)  1.8-34 (6.5)  0.26-4.4 (0.85)  3.9-48 (12)  0.29-4.8 (0.71)  0.45-2.4 (0.95)    0.042-0.16 (0.12)  
Stereo  
 YES 9   0.14-1.7  (0.32) 0.015 1.3-12 (3.7) 0.056 0.26-3.7 (1.3) 0.853 3.9-15 (8.1) 0.103 0.39-34 (0.82) 0.875 0.48-1.9 (1.1) 0.877   0.048-0.37 (0.14) 0.85 
 NO 33   0.23-6.1 (0.94)  2.3-36 (7.2)  0.26-3.5 (0.89)  4.1-50 (15)  0.32-4.4 (0.77)  0.37-2.2 (0.88)    0.04-0.16 (0.12)  
   R p R p R p R p R p R p R p R p R p 
Poly furniture 
     -0.035 0.828 -0.035 0.827 0.226 0.15 -0.003 0.985 -0.215 0.171 0.124 0.435   0.215 0.171 
Foam furniture 
     -0.12 0.449 -0.312 0.045* -0.097 0.541 0.004 0.982 -0.28 0.072 -0.061 0.7   -0.074 0.643 
Textile furniture 
     0.104 0.511 -0.103 0.517 0.037 0.818 -0.035 0.825 -0.051 0.749 -0.234 0.058   -0.127 0.424 
Office  
Carpet  
 YES 19   0.19-7.3 (0.70) 0.257 3.1-27 (6.3) 0.136   4.1-32 (19) 0.629 0.40-3.3 (1.6) 0.414 0.88-16 (2.7) 0.87   0.059-0.53 (0.097) 0.047* 
 NO 8   0.17-1.0 (0.49)  1.2-14 (4.7)    5.2-44 (16)  0.44-2.3 (1.0)  1.2-7.5 (4.0)    0.036-0.17 (0.057)  
A/C  
 YES 3   0.58-1.4 (1.0) 0.49 1.9-13 (3.7) 0.423   4.7-25 (7.0) 0.494 0.39-1.6 (0.43) 0.171 1.7-2.0 (2.0) 0.445   0.049-0.060 (0.060) 0.104 
 NO 24   0.17-4.9 (0.54)  2.8-24 (6.0)    4.1-33 (18)  0.45-3.3 (1.5)  0.97-14 (3.6)    0.049-0.44 (0.088)  
Laptop  
 YES 7   0.39-2.7 (1.0) 0.288 3.2-25 (6.3) 0.571   4.1-20 (10) 0.18 0.35-2.3 (1.0) 0.187 1.0-33 (3.1) 0.618   0.041-0.29 (0.055) 0.372 
 NO 20   0.16-5.7 (0.52)  2.2-19 (5.3)    4.6-40 (19)  0.45-3.3 (1.7)  1.1-9.3 (2.8)    0.058-0.29 (0.077)  
Lamp  
 YES 2   19-131 (75) 0.009** 7.7-24 (16) 0.334   13-31 (22) 0.543 0.76-1.4 (1.1) 0.667 1.7-6.3 (4.0) 0.92   0.29-1.8 (1.0) 0.059 
 NO 25   0.17-1.6 (0.53)  2.4-17 (5.4)    4.0-32 (17)  0.42-3.3 (1.5)  0.99-14 (3.0)    0.45-0.24 (0.071)  
Kettle  
 YES 21   0.22-5.0 (0.56) 0.731 3.3-26 (7.2) 0.063   4.7-30 (17) 0.544 0.43-3.2 (1.4) 0.906 1.1-13 (2.7) 0.617   0.54-0.52 (0.075) 0.373 
 NO 6   0.12-3.2 (0.77)  1.4-9.2 (4.0)    2.5-310 (27)  0.41-2.7 (1.8)  1.4-10 (4.9)    0.037-0.18 (0.075)  
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Microwave  
 YES 4   0.85-13 (4.4) 0.046* 2.7-14 (9.4) 0.88   8.0-74 (21) 0.454 0.51-3.2 (1.7) 0.76 1.4-5.4 (2.1) 0.695   0.071-0.22 (0.10) 0.558 
 NO 23   0.7-1.4 (0.53)  2.7-25 (5.4)    4.0-31 (17)  0.41-3.0 (1.5)  0.94-14 (3.1)    0.044-0.45 (0.071)  
Printer  
 YES 12   0.31-15 (0.58) 0.467 1.7-31(6.0) 0.685   4.9-31 (18) 0.73 0.43-3.5 (1.1) 0.91 1.1-21 (2.1) 0.714   0.054-0.56 (0.10) 0.198 
 NO 15   0.17-1.6 (0.53)  2.9-15 (5.3)    4.0-68 (17)  0.41-2.8 (1.6)  1.1-11 (4.1)    0.045-0.12 (0.069)  
Toaster  
 YES 2   0.60-1.6 (1.1) 0.619 2.7-12 (7.3) 0.471   16-83 (49) 0.585 0.72-3.1 (1.9) 0.889 2.5-6.4 (4.4) 0.759   0.080-0.25 (0.16) 0.76 
 NO 25   0.17-4.8 (0.56)  2.8-23 (5.7)    4.0-32 (17)  0.42-3.1 (1.5)  0.99-14 (3.0)    0.045-0.39 (0.075)  
   R p R p R p R p R p R p R p R p R p 
Poly furniture 
     0.001 0.995 0.134 0.504 -0.008 0.91 0.018 0.928 0.144 0.472 0.012 0.954   0.043 0.832 
Foam furniture 
     0.253 0.202 0.291 0.132 0.052 0.798 0.611 0.001** 0.437 0.023* 0.096 0.634   0.21 0.294 
Textile furniture 
     0.436 0.023* 0.2 0.318 0.616 0.001 0.109 0.589 -0.109 0.589 -0.018 0.928   0.327 0.096 
* Correlation is significant at the 0.05 level (light green); 
** Correlation is significant at the 0.01 level (dark green); 
Correlation is not assessed, due to < 50% detection frequency (grey). 
Negative correlations were shown in light blue 
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Table S2.8 Association between products and concentration (median in brackets, ng/m3) of OPEs in indoor air 
   TnBP TCEP TCIPP TDCIPP TBOEP TPhP EHDPP TEHP TMPP 
  N        Range              p        Range p Range p Range p Range p Range p Range p Range p Range p 
House 
A/C 
 YES 8 1100-42000 (2800) 0.328 3400-4400 (3600) 0.559 3900-62000 (14000) 0.936 36-430 (50) 0.733 43-320 (140) 0.599 140-1200 (530) 0.366 65-140 (100) 0.292 9.8-220 (15) 0.501 6.0-580 (22) 0.923 
 NO 8 730-6000 (1200)  1900-5200 (4000)  6300-42000 (16000)  35-730 (76)  33-410 (120)  75-1200 (290)  73-550 (110)  3.7-34 (14)  7.4-220 (18)  
computer  
 YES 6 780-7700 (2600) 0.526 1500-4900 (42300) 0.848 7800-51000 (36000) 0.233 47-1100 (93) 0.185 34-290 (140) 0.691 120-1500 (530) 0.565 50-380 (95) 0.384 10-37 (15) 0.736 6.6-170 (9.6) 0.478 
 NO 10 740-17000 (1400)  2400-4500 (2700)  3400-32000 (12000)  34-260 (49)  41-480 (120)  100-940 (330)  81-250 (120)  4.2-88 (14)  6.4-360 (23)  
Laptop                    
 YES 3 520-2900 (680) 0.599 2500-4500 (2500) 0.678 8700-44000 (25000) 0.801 47-55 (53) 0.559 34-140 (36) 0.269 180-350 (290) 0.489 85-150 (95) 0.801 14-15 (14) 0.69 27-200 (120) 0.898 
 NO 13 1100-8000 (2000)  2200-4700 (3600)  4300-49000 (12000)  36-570 (100)  42-430 (140)  89-1700 (450)  56-450 (110)  5.4-51 (16)  7.0-200 (15)  
Fan                    
 YES 3 1200-6000 (1500) 0.675 2200-5500 (2400) 0.911 6800-31000 (20000) 0.761 180-570 (340) 0.054 57-230 (98) 0.897 330-1700 (610) 0.477 110-430 (120) 0.302 11-22 (16) 0.882 14-110 (24) 0.626 
 NO 13 700-7600 (2000)  2400-4700 (3600)  5200-52000 (12000)  36-200 (53)  34-430 (140)  89-820 (370)  56-210 (96)  5.5-50 (14)  5.0-220 (15)  
Iron                    
 YES 5 2900-77000 (7100) 0.309 1400-3600 (2800) 0.114 7900-69000 (12000) 0.611 37-240 (41) 0.452 35-380 (140) 0.794 66-770 (610) 0.555 60-130 (97) 0.403 5.3-410 (16) 0.82 6.2-1000 (33) 0.717 
 NO 11 680-3300 (1300)  2400-5100 (4100)  3500-49000 (19000)  36-625 (55)  36-320 (140)  160-2000 (370)  83-510 (110)  9.5-23 (4)  6.6-220 (15)  
Dryer                    
 YES 8 1000-5700 (2600) 0.375 2300-5000 (3100) 0.96 4300-35000 (16000) 0.526 38-200 (76) 0.885 39-410 (160) 0.342 200-660 (370) 0.502 72-310 (110) 0.833 3.7-18 (14) 0.185 8.0-220 (71) 0.399 
 NO 8 660-43000 (1400)  2000-4800 (3200)  5900-52000 (19000)  36-1000 (48)  35-240 (120)  99-2000 (490)  66-290 (100)  10-240 (15)  6.0-520 (11)  
Kettle                   
 YES 3 1300-6600 (3500) 0.698 2200-3900 (2500) 0.477 6100-29000 (12000) 0.752 80-320 (220) 0.383 150-250 (170) 0.261 310-560 (370) 0.879 120-160 (130) 0.37 14-15 (14) 0.802 41-120 (120) 0.359 
 NO 13 790-7800 (1600)  2400-5000 (3600)  4300-52000 (19000)  36-530 (53)  34-430 (100)  89-1700 (370)  56-450 (96)  5.4-51 (15)  5.0-220 (11)  
Microwave                   
 YES 13 710-6900 (1600) 0.723 2400-5000 (3600) 0.348 2700-52000 (20000) 0.262 37-570 (55) 0.347 37-430 (140) 0.32 120-1700 (370) 0.76 91-450 (120) 0.003** 5.4-81 (15) 0.717 5.0-220 (22) 0.537 
 NO 3 1900-7400 (3400)  1300-3800 (2800)  7600-8300 (8000)  37-110 (41)  53-150 (140)  160-640 (450)  50-68 (52)  10-17 (10)  8.8-28 (9.4)  
Printer                   
 YES 6 1400-7900 (4300) 0.573 1500-4300 (3100) 0.283 7800-36000 (18000) 0.934 47-240 (76) 0.653 32-290 (94) 0.341 69-700 (370) 0.282 50-110 (89) 0.030* 5.9-16 (12) 0.177 6.6-220 (68) 0.929 
 NO 10 740-16000 (1400)  2400-5200 (3200)  3400-56000 (16000)  34-750 (50)  45-480 (140)  150-2000 (370)  88-520 (130)  8.9-120 (15)  6.4-270 (18)  
Toaster                   
 YES 2 1200-2200 (1700) 0.685 2700-4500 (3600) 0.807 7100-47000 (27000) 0.885 220-1700 (980) 0.556 100-140 (120) 0.851 320-2000 (1200) 0.556 140-580 (360) 0.361 20-53 (37) 0.149 7.0-9.6 (8.3) 0.278 
 NO 14 720-8000 (1800)  2200-4900 (3200)  5500-46000 (16000)  37-300 (54)  35-410 (140)  110-810 (370)  58-210 (100)  5.9-22 (14)  5.8-220 (23)  
Stereo                   
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 YES 5 2100-7100 (3500) 0.613 1500-5400 (3600) 0.968 4000-10000 (7600) 0.025* 43-133 (100) 0.901 35-160 (98) 0.244 66-420 (260) 0.059 50-370 (97) 0.56 5.1-19 (10) 0.18 6.2-81 (9.4) 0.258 
 NO 11 700-7300 (1500)  2400-4800 (2800)  8400-52000 (25000)  36-630 (53)  36-460 (140)  160-2000 (610)  83-220 (110)  9.5-58 (16)  6.6-220 (22)  
   R p R p R p R p R p R p R p R p R p 
Poly furniture                   
   0.408 0.117 0.124 0.647 -0.072 0.792 0.105 0.7 -0.333 0.207 -0.225 0.402 -0.284 0.285 -0.255 0.341 -0.381 0.146 
Foam furniture                   
   0.665 0.005 -0.085 0.753 -0.028 0.919 -0.135 0.619 0.264 0.324 -0.17 0.53 -0.16 0.553 -0.052 0.848 -0.05 0.853 
Textile furniture                   
   0.395 0.130 -0.213 0.428 -0.482 0.059 -0.175 0.516 -0.191 0.478 -0.194 -0.471 -0.482 0.059 -0.166 0.539 0.116 0.669 
Office 
carpet 
 YES 19 430-4000 (1600) 0.317 1000-6900 (2500) 0.695 12000-240000 (58000) 0.09 30-300 (53) 0.384 63-130 (88) 0.079 165-2000 (430) 0.6 59-490 (210) 0.801 3.6-30 (12) 0.177 7.0-37 (9.4) 0.926 
 NO 6 1400-43000 (3900)  820-4100 (2700)  9500-56000 (23000)  31-89 (36)  63-650 (330)  170-770 (470)  84-580 (190)  5.5-540 (18)  4.6-64 (11)  
A/C                   
 YES 3 4000-6100 (5100) 0.978 2100-5600 (2800) 0.508 16000-50000 (39000) 0.491 88-140 (140) 0.058 140-510 (340) 0.088 200-600 (500) 0.49 180-544 (310) 0.263 14-16 (15) 0.143 17-88 (35) 0.035* 
 NO 22 440-5000 (1600)  1000-4500 (2600)  8800-170000 (51000)  51-110 (38)  55-200 (87)  180-1600 (420)  60-530 (170)  4.0-81 (11)  4.8-26 (8.5)  
laptop                   
 YES 7 630-35000 (2400) 0.352 2600-7500 (4200) 0.005** 38000-350000 (58000) 0.187 34-430 (40) 0.557 61-120 (85) 0.335 300-2400 (790) 0.143 100-320 (250) 0.593 6.8-370 (12) 0.718 9.1-44 (25) 0.039* 
 NO 18 450-5300 (1600)  960-3700 (2100)  8100-120000 (36000)  29-140 (40)  64-490 (91)  130-1100 (380)  58-770 (140)  3.5-59 (13)  4.6-31 (8.4)  
lamp                   
 YES 2 1000-1400 (1200) 0.705 3900-8700 (6300) 0.105 33000-55000 (44000) 0.814 200-870 (530) 0.064 81-120 (98) 0.901 180-250 (220) 0.169 90-280 (190) 0.777 14-44 (29) 0.573 10-25 (17) 0.688 
 NO 23 440-5700 (2000)  1000-4500 (2500)  8800-170000 (44000)  31-130 (39)  56-430 (89)  150-1500 (500)  61-590 (210)  4.0-73 (13)  5.0-41 (9.4)  
kettle                   
 YES 21 440-5800 (1600) 0.664 1100-4600 (2600) 0.773 11000-180000 (58000) 0.044* 31-140 (42) 0.731 54-340 (89) 0.516 180-1600 (520) 0.355 66-600 (250) 0.148 3.9-150 (12) 0.228 6.6-43 (9.6) 0.408 
 NO 4 1300-3200 (1800)  1000-5500 (2300)  8000-42000 (15000)  33-64 (37)  79-550 (88)  180-480 (370)  37-260 (98)  8.0-150 (50)  5.7-27 (8.3)  
microwave                   
 YES 4 1500-5100 (1800) 0.736 3100-9300 (6400) 0.015* 13000-59000 (38000) 0.467 40-710 (98) 0.177 100-690 (340) 0.018* 170-900 (440) 0.655 64-450 (81) 0.461 8.2-130 (13) 0.505 7.33-79 (20) 0.332 
 NO 21 440-5300 (1600)  1000-4200 (3400)  8300-180000 (44000)  31-120 (39)  54-210 (85)  180-1600 (430)  60-550 (250)  3.9-48 (13)  6.6-35 (8.6)  
printer                   
 YES 10 390-3200 (1500) 0.376 2200-9300 (3500) 0.010** 10000-160000 (59000) 0.626 34-1100 (73) 0.006** 69-170 (91) 0.795 170-1800 (430) 0.856 64-340 (240) 0.8 5.5-28 (10) 0.44 7.1-34 (11) 0.422 
 NO 15 600-5600 (2300)  890-4200 (2000)  10000-150000 (39000)  28-67 (36)  52-410 (85)  160-1100 (430)  61-920 (150)  4.1-140 (13)  4.6-40 (8.4)  
toaster                   
 YES 2 2400-6000 (4200) 0.917 2900-3500 (3200) 0.589 11000-17000 (14000) 0.169 43-130 (85) 0.714 570-730 (650) 0.005** 180-570 (380) 0.478 120-550 (330) 0.885 32-160 (98) 0.146 14-92 (53) 0.915 
 NO 23 440-5200 (1600)  1000-5900 (2500)  9300-170000 (53000)  31-130 (40)  56-190 (88)  180-1500 (430)  61-500 (210)  4.0-44 (12)  6.7-33 (9.4)  
   R p R p R p R p R p R p R p R p R p 
Poly furniture                   
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   -0.337 0.100 0.141 0.502 0.151 0.471 -0.148 0.48 -0.046 0.828 -0.348 0.088 -0.272 0.188 -0.044 0.834 -0.385 0.057 
Foam furniture                   
   -0.001 0.996 -0.108 0.607 -0.17 0.417 0.100 0.634 -0.16 0.445 -0.331 0.106 -0.297 0.15 -0.109 0.605 -0.358 0.079 
Textile furniture                   
   0.034 0.871 0.196 0.438 0.085 0.685 0.137 0.515 -0.213 0.306 -0.188 0.369 0.137 0.515 -0.068 0.746 -0.043 0.839 
* Correlation is significant at the 0.05 level (light green); 
** Correlation is significant at the 0.01 level (dark green); 
Correlation is not assessed, due to < 50% detection frequency (grey). 
Negative correlations were shown in light blue 
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Table S2.9 Association between products and concentration (median in brackets, μg/g) of PBDEs in indoor dust 
 
  BDE47 BDE99 BDE100 BDE153 BDE154 BDE183 BDE209 
 N Range p Range p Range p Range p Range p Range p Range p 
House 
Carpet               
 YES 39 0.020-0.74 (0.49) 0.084 0.027-0.72 (0.061) 0.025* 0.0020-0.10 (0.0080) 0.19 0.0010-0.099 (0.0036) 0.247   0.00050-0.055 (0.0068) 0.460 0.33-8.4 (0.99) 0.088 
 NO 3 0.010-0.064 (0.025)  0.013-0.059 (0.018)  0.0023-0.0066 (0.0036)  0.0010-0.0051 (0.0010)    0.00056-0.024 (0.00080)  0.20-1.4 (0.40)  
A/C               
 YES 21 0.020-0.79 (0.079) 0.025 0.021-1.0 (0.059) 0.337 0.0020-0.17 (0.012) 0.304 0.0010-0.29 (0.0096) 0.193   0.00050-0.045 (0.0084) 0.567 0.44-11 (2.2) 0.005** 
 NO 21 0.025-0.092 (0.044)  0.024-0.15 (0.061)  0.0020-0.020 (0.0074)  0.0010-0.029 (0.0025)    0.00050-0.079 (0.0048)  0.24-1.8 (0.76)  
Computer            
 YES 17 0.016-0.22 (0.046) 0.314 0.026-0.17 (0.059) 0.453 0.0020-0.020 (0.0075) 0.564 0.0010-0.038 (0.0036) 0.602   0.00050-0.050 (0.0070) 0.851 0.21-12.3 (0.84) 0.116 
 NO 25 0.020-1.2 (0.049)  0.021-2.0 (0.071)  0.0020-0.42 (0.0076)  0.0010-0.24 (0.0016)    0.00050-0.047 (0.0048)  0.36-14 (1.1)  
Laptop                
 YES 14 0.020-0.36 (0.040) 0.372 0.023-0.17 (0.047) 0.25 0.0020-0.020 (0.0058) 0.144 0.0010-0.021 (0.0026) 0.491   0.00050-0.041 (0.0067) 0.957 0.31-2.6 (0.84) 0.268 
 NO 28 0.019-1.0 (0.059)  0.022-1.5 (0.071)  0.0020-0.31 (0.0084)  0.0010-0.32 (0.0051)    0.00050-0.055 (0.0053)  0.33-8.7 (1.5)  
Fan                
 YES 11 0.020-0.29 (0.035) 0.341 0.020-0.19 (0.041) 0.445 0.0020-0.050 (0.0035) 0.37 0.0010-0.034 (0.0010) 0.182   0.00050-0.010 (0.00080) 0.048* 0.41-5.9 (0.76) 0.828 
 NO 31 0.020-0.72 (0.059)  0.028-1.0 (0.061)  0.0020-0.17 (0.0076)  0.0010-0.29 (0.0044)    0.00070-0.049 (0.0081)  0.25-7.9 (1.1)  
TV                
 YES 39 0.02-0.74 (0.048) 0.702 0.021-0.72 (0.060) 0.529 0.0020-0.10 (0.0075) 0.970 0.0010-0.099 (0.0029) 0.857   0.00050-0.052 (0.0048) 0.985 0.29-8.4 (0.91) 0.835 
 NO 3 0.042-0.35 (0.059)  0.051-0.30 (0.092)  0.0037-0.060 (0.011)  0.0016-0.017 (0.0039)    0.0018-0.041 (0.0070)  0.63-2.9 (1.4)  
Lamp                
 YES 4 0.057-0.12 (0.089) 0.388 0.066-0.16 (0.11) 0.371 0.0068-0.041 (0.020) 0.620 0.0028-0.014 (0.0084) 0.942   0.0029-0.042 (0.021) 0.391 0.91-14 (4.6) 0.133 
 NO 38 0.020-0.74 (0.045)  0.020-0.76 (0.059)  0.0020-0.11 (0.0075)  0.0010-0.12 (0.0028)    0.00050-0.058 (0.0043)  0.29-6.4 (0.89)  
Iron                
 YES 11 0.031-0.42 (0.074) 0.188 0.029-0.36 (0.069) 0.347 0.0036-0.072 (0.0088) 0.506 0.0010-0.041 (0.0071) 0.536   0.00050-0.049 (0.0037) 0.949 0.40-3.3 (1.3) 0.820 
 NO 31 0.019-0.72 (0.044)  0.021-0.64 (0.053)  0.0020-0.088 (0.0075)  0.0010-0.051 (0.0025)    0.00020-0.047 (0.0068)  0.25-11 (0.88)  
Dryer                
 YES 21 0.012-0.29 (0.039) 0.026* 0.018-0.18 (0.049) 0.009** 0.0020-0.026 (0.0041) 0.138 0.0010-0.029 (0.0010) 0.023*   0.00050-0.025 (0.0048) 0.549 0.24-2.6 (0.76) 0.015* 
 NO 21 0.026-1.5 (0.074)  0.041-2.8 (0.079)  0.002-0.6487 (0.011)  0.0010-0.37 (0.0084)    0.00050-0.049 (0.0070)  0.44-11 (1.4)  
Kettle                
 YES 14 0.019-0.23 (0.042) 0.185 0.020-0.17 (0.057) 0.349 0.0020-0.024 (0.0061) 0.502 0.0010-0.014 (0.0021) 0.099   0.00050-0.023 (0.0026) 0.092 0.30-5.3 (0.80) 0.502 
 NO 28 0.024-1.0 (0.059)  0.026-1.6 (0.061)  0.0020-0.31 (0.0078)  0.0010-0.32 (0.0053)    0.00064-0.089 (0.0076)  0.33-8.7 (1.2)  
Microwave                
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 YES 28 0.24-0.74 (0.059) 0.231 0.023-0.76 (0.072) 0.238 0.002-0.11 (0.0084) 0.195 0.0010-0.11 (0.0034) 0.807   0.00050-0.040 (0.0069) 0.885 0.31-8.7 (1.1) 0.389 
 NO 14 0.014-0.20 (0.043)  0.022-0.14 (0.052)  0.0020-0.020 (0.0053)  0.0010-0.048 (0.0026)    0.00059-0.21 (0.0020)  0.34-3.3 (0.85)  
Printer                
 YES 18 0.17-0.40 (0.054) 0.734 0.031-0.18 (0.065) 0.989 0.0020-0.022 (0.0078) 0.54 0.0010-0.044 (0.0031) 0.750   0.00050-0.14 (0.00670) 0.566 0.22-8.8 (0.78) 0.282 
 NO 24 0.020-0.77 (0.047)  0.021-0.91 (0.056)  0.0020-0.15 (0.0069)  0.0010-0.22 (0.0034)    0.00050-0.042 (0.0053)  0.40-7.8 (1.0)  
Toaster                
 YES 6 0.029-0.41 (0.049) 0.998 0.046-0.59 (0.077) 0.425 0.0034-0.094 (0.0085) 0.925 0.0010-0.15 (0.0025) 0.606   0.0012-0.024 (0.0054) 0.825 0.78-6.7 (1.8) 0.315 
 NO 36 0.019-0.69 (0.048)  0.020-0.50 (0.059)  0.0020-0.080 (0.0076)  0.0010-0.046 (0.0033)    0.00050-0.064 (0.0058)  0.28-9.2 (0.89)  
Stereo                
 YES 9 0.018-0.075 (0.038) 0.118 0.017-0.060 (0.041) 0.012* 0.0020-0.0094 (0.0036) 0.052 0.0010-0.015 (0.0010) 0.053   0.0050-0.31 (0.0037) 0.834 0.41-1.7 (0.88) 0.512 
 NO 33 0.020-0.77 (0.059)  0.030-0.95 (0.073)  0.0020-0.15 (0.11)  0.0010-0.24 (0.0044)    0.00050-0.048 (0.0068)  0.26-10 (0.99)  
   R p R p R p R p R p R p R p 
Poly furniture                
   0.12 0.448 -0.005 0.976 0.111 0.483 0.043 0.787   0.323 0.037* 0.203 0.197 
Foam furniture                
   -0.091 0.568 -0.176 0.266 -0.092 0.564 -0.084 0.598   -0.045 0.775 -0.127 0.424 
Textile furniture               
   -0.047 0.776 -0.128 0.417 -0.116 0.463 0.044 0.78   0.008 0.959 0.096 0.547 
Office 
Carpet 
 YES 19 0.027-0.47 (0.11) 0.906 0.026-0.49 (0.20) 0.803 0.0020-0.16 (0.016) 0.670 0.00100.12 (0.0091) 0.822   0.0010-0.070 (0.0078) 0.908 0.46-7.0 (0.90) 0.801 
 NO 8 0.020-0.63 (0.13)  0.038-1.1 (0.10)  0.0020-0.24 (0.026)  0.0010-0.12 (0.012)    0.00068-0.20 (0.016)  0.22-7.0 (1.3)  
A/C 
 YES 3 0.14-0.25 (0.17) 0.06 0.14-0.29 (0.27) 0.641 0.040-0.053 (0.044) 0.062 0.0027-0.099 (0.0093) 0.990   0.0063-0.71 (0.029) 0.652 0.59-1.8 (1.3) 0.879 
 NO 24 0.026-0.54 (0.10)  0.013-0.93 (0.13)  0.0020-0.19 (0.013)  0.0010-0.12 (0.0083)    0.00095-0.12 (0.0057)  0.35-11 (0.95)  
Laptop            
 YES 7 0.028-0.51 (0.095) 0.932 0.023-0.76 (0.21) 0.947 0.0020-0.16 (0.0089) 0.709 0.0049-0.12 (0.029) 0.363   0.0011-0.12 (0.0037) 0.804 0.35-2.6 (0.51) 0.238 
 NO 20 0.025-0.49 (0.11)  0.029-0.63 (0.13)  0.002-0.13 (0.024)  0.0010-0.13 (0.0065)    0.00088-0.17 (0.011)  0.45-13 (1.1)  
Lamp               
 YES 2 0.37-0.76 (0.57) 0.039* 0.59-1.7 (1.1) 0.029* 0.10-0.25 (0.18) 0.08 0.062-0.12 (0.091) 0.143   0.0069-0.033 (0.020) 0.657 1.0-5.0 (3.0) 0.697 
 NO 25 0.026-0.47 (0.11)  0.015-0.54 (0.10)  0.0020-0.12 (0.014)  0.0010-0.12 (0.0076)    0.00081-0.17 (0.0078)  0.34-9.8 (1.0)  
Kettle               
 YES 21 0.027-0.57 (0.11) 0.423 0.032-1.1 (0.16) 0.794 0.0020-0.23 (0.016) 0.64 0.0010-0.13 (0.0093) 0.511   0.0013-0.15 (0.013) 0.245 0.49-5.5 (1.3) 0.161 
 NO 6 0.015-0.33 (0.11)  0.032-0.37 (0.15)  0.0047-0.067 (0.022)  0.0010-0.10 (0.0044)    0.00063-0.17 (0.0017)  0.24-7.7 (0.61)  
Microwave               
 YES 4 0.12-0.38 (0.23) 0.301 0.072-0.54 (0.28) 0.459 0.019-0.11 (0.062) 0.367 0.0013-0.052 (0.023) 0.673   0.0049-0.24 (0.019) 0.285 0.66-11 (1.5) 0.395 
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 NO 23 0.026-0.55 (0.095)  0.0098-0.95 (0.16)  0.0020-0.21 (0.014)  0.0010-0.13 (0.0091)    0.00079-0.13 (0.0030)  0.32-5.3 (0.90)  
Printer               
 YES 12 0.032-0.45 (0.13) 0.464 0.0022-0.57 (0.21) 0.942 0.0020-0.12 (0.038) 0.854 0.0010-0.12 (0.025) 0.524   0.00078-0.036 (0.0057) 0.331 0.52-5.3 (1.2) 0.379 
 NO 15 0.026-0.53 (0.11)  0.041-0.93 (0.10)  0.0035-0.17 (0.014)  0.0010-0.12 (0.0068)    0.0012-0.27 (0.014)  0.34-9.5 (0.74)  
Toaster               
 YES 2 0.12-0.13 (0.13) 0.785 0.063-0.098 (0.081) 0.669 0.013-0.036 (0.025) 0.981 0.0011-0.0019 (0.0015) 0.165   0.059-0.30 (0.18) 0.124 3.2-13 (8.2) 0.106 
 NO 25 0.026-0.53 (0.11)  0.015-0.88 (0.20)  0.0020-0.18  0.0010-0.12 (0.0093)    0.00081-0.12 (0.0037)  0.34-5.1 (0.90)  
   R p R p R p R p R p R p R p 
Poly furniture               
   -0.24 0.228 -0.32 0.104 -0.291 0.141 -0.183 0.36   0.205 0.304 0.137 0.496 
Foam furniture               
   0.288 0.145 0.323 0.1 0.228 0.253 0.264 0.183   0.1 0.618 0.183 0.36 
Textile furniture               
   0.363 0.063 0.381 0.050* 0.346 0.077 0.311 0.114   0.109 0.589 0.073 0.719 
* Correlation is significant at the 0.05 level (light green); 
** Correlation is significant at the 0.01 level (dark green); 
Correlation is not assessed, due to < 50% detection frequency (grey). 
Negative correlations were shown in light blue 
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Table S2.10 Association between products and concentration (median in brackets, ng/m3) of PBDEs in indoor air 
   BDE47 BDE99  BDE100  BDE153  BDE154  BDE183  BDE209  
   N Range p Range p Range p Range p Range p Range p Range p 
 House 
A/C 
 YES 8 0.94-27 (5.1) 0.242           19-170 (55) 0.774 
 NO 8 0.94-7.7 (1.5)            17-1400 (34)  
Computer 
 YES 6 0.94-36 (1.9) 0.939           17-53 (31) 0.221 
 NO 10 0.94-13 (3.7)            19-600 (120)  
Laptop 
 YES 3 1.3-4.3 (2.8) 0.559           24-140 (37) 0.996 
 NO 13 0.94-13 (2.4)            11-180 (50)  
Fan 
 YES 3 7.4-50 (13) 0.007**           26-59 (50) 0.666 
 NO 13 0.94-11 (1.5)            11-180 (44)  
Iron 
 YES 5 0.94-41 (5.5) 0.648           21-2700 (61) 0.437 
 NO 11 0.94-12 (2.4)            20-160 (37)  
Dryer 
 YES 8 1.1-22 (2.6) 0.798           17-1400 (43) 0.872 
 NO 8 0.94-13 (3.5)            19-160 (47)  
Kettle 
 YES 3 2.1-49 (4.7) 0.291           80-170 (160) 0.243 
 NO 13 0.94-12 (2.4)            11-180 (37)  
Microwave 
 YES 13 0.94-13 (2.8) 0.563           20-180 (61) 0.138 
 NO 3 1.2-4.8 (2.4)            9.9-40 (25)  
Printer 
 YES 6 0.94-31 (1.9) 0.656           15-2200 (34) 0.792 
 NO 10 1.94-13 (5.1)            19-170 (72)  
Toaster 
 YES 2 2.0-11 (6.4) 0.753           31-87 (59) 0.897 
 NO 14 0.94-13 (2.6)            12-180 (47)  
Stereo 
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 YES 5 0.94-5.4 (2.4) 0.356           22-2700 (44) 0.484 
 NO 11 0.94-13 (2.8)            8.7-160 (50)  
   R p R p R p R p R p R p R p 
Poly furniture 
   -0.132 0.627           0.18 0.506 
Foam furniture 
   -0.083 0.76           0.409 0.115 
Textile furniture 
   -0.041 0.088           -0.301 0.258 
Office 
Carpet               
 YES 19 1.4-180 (18) 0.966           5.4-61 (18) 0.997 
 NO 6 8.1-52 (20)            6.0-370 (14)  
A/C               
 YES 3 82-220 (93) 0.023*           21-560 (33) 0.116 
 NO 22 1.5-62 (16)            5.1-57 (14)  
Laptop               
 YES 7 9.2-280 (22) 0.353           6.5-64 (33) 0.809 
 NO 18 2.1-84 (17)            5.4-110 (15)  
Lamp               
 YES 2 61-280 (170) 0.045*           13-52 (33) 0.908 
 NO 23 1.6-90 (16)            5.2-70 (16)  
Kettle               
 YES 21 1.4-93 (16) 0.314           5.1-74 (16) 0.99 
 NO 4 16-190 (21)            12-31 (21)  
Microwave               
 YES 4 41-260 (120) 0.008**           26-500 (56) 0.027* 
 NO 21 1.4-65 (15)            5.1-46 (14)  
Printer               
 YES 10 2.3-170 (28) 0.474           7.4-120 (21) 0.396 
 NO 15 2.6-66 (16)            4.1-63 (14)  
Toaster               
 YES 2 30-74 (52) 0.329           82-620 (350) 0.158 
 NO 23 1.6-140 (16)            5.2-57 (16)  
   R p R p R p R p R p R p R p 
Poly furniture               
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   0.025 0.906           -0.156 0.455 
Foam furniture               
   0.004 0.983           -0.448 0.025* 
Textile furniture               
   0.307 0.135           -0.179 0.391 
* Correlation is significant at the 0.05 level (light green); 
** Correlation is significant at the 0.01 level (dark green); 
Correlation is not assessed, due to < 50% detection frequency (grey). 
Negative correlations were shown in light blue 
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Table S3.1 Retention times, MS parameters and MRMs for the target analytes. RT=retention time; DP= 
declustering potential; CE= collision energy; CXP= collision cell exit potential 
 RT Type 
precursor 
ion (m/z) 
product ion 
(m/z) 
DP (V) CE (V) 
CXP 
(V) 
IS 
Negative polarity 
DBP 6.87 quant 209 153 -70 -20 -21 DPhP-d10 
DBP 6.87 qual 209 79 -70 -45 -10 DPhP-d10 
BCEP 3.10 quant 221 35 -30 -24 -10 BCEP-d8 
BCEP 3.10 qual 223 37 -30 -29 -10 BCEP-d8 
BCEP-d8 3.04 quant 229 35 -30 -31 -10 - 
BCIPP 5.52 quant 248.8 35 -30 -32 -10 DPhP-d10 
BCIPP 5.52 qual 250.8 37 -30 -32 -10 DPhP-d10 
BMPP  7.83 quant 277 107 -50 -45 -12 DPhP-d10 
BMPP  7.83 qual 277 169 -50 -33 -18 DPhP-d10 
BEHP 11.10 quant 321.2 209 -120 -28 -19 DPhP-d10 
BEHP 11.10 qual 321.2 79 -120 -34 -10 DPhP-d10 
DPhP 6.62 quant 249.1 93 -50 -33 -15 DPhP-d10 
DPhP 6.62 qual 249 155 -50 -29 -17 DPhP-d10 
DPhP-d10 6.56 quant 259 98 -50 -40 -15 - 
BDCIPP 7.29 quant 316.8 35 -25 -40 -10 BDCIPP-d10 
BDCIPP 7.29 qual 318.8 35 -25 -40 -10 BDCIPP-d10 
BDCIPP-d10 7.29 quant 328.8 35 -30 -45 -10 - 
BBOEP 7.70 quant 297.1 79 -120 -32 -8 DPhP-d10 
BBOEP 7.70 qual 297.1 223.1 -120 -27 -21 DPhP-d10 
Positive polarity 
TPhP 7.04 quant 327.2 215 130 35 20 TPhP-d15 
TPhP 7.04 qual 327.2 152 130 48 16 TPhP-d15 
TPhP-d15 7.01 quant 342 82.1 150 65 10 - 
EHDPP 7.91 quant 363.2 251.1 35 12 20 TPhP-d15 
EHDPP 7.91 qual 363.2 153 35 40 18 TPhP-d15 
TBP 7.20 quant 267.2 155 75 15 17 TBP-d27 
TBP 7.20 qual 267.2 99 75 27 10 TBP-d27 
TBP-d27 7.18 quant 294 102 60 40 12 - 
TCEP 5.10 quant 285 63 55 45 10 TPhP-d15 
TCEP 5.10 qual 285 223 55 18 22 TPhP-d15 
TCIPP 6.32 quant 327 99 80 37 14 TCIPP-d18 
TCIPP 6.32 qual 327 251 80 14 15 TCIPP-d18 
TCIPP-d18 6.30 quant 344.9 102 45 28 12 - 
TMPP  7.73 quant 369 165 80 70 20 TPhP-d15 
TMPP  7.73 qual 369 243 80 37 25 TPhP-d15 
TDCIPP 6.92 quant 431 99 40 33 12 TCIPP-d18 
TDCIPPP 6.92 qual 431 209 40 22 9 TCIPP-d18 
BCIPHIPP 5.35 qual 309 99 40 26 10 TCIPP-d18 
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 RT Type 
precursor 
ion (m/z) 
product ion 
(m/z) 
DP (V) CE (V) 
CXP 
(V) 
IS 
BCIPHIPP 5.35 quant 309 175 40 17 15 TCIPP-d18 
TBOEP 7.39 quant 399.2 299.1 70 18 27 TBOEP-d6 
TBOEP 7.39 qual 399.2 199 70 22 24 TBOEP-d6 
TBOEP-d6 7.38 quant 405.4 47 80 70 8 - 
3OH-TBOEP 6.58 quant 415.3 199.2 80 25 10 TBOEP-d6 
3OH-TBOEP 6.58 qual 415.3 243.3 80 25 10 TBOEP-d6 
BBOEHEP 6.17 quant 343.2 243.1 40 16 22 TCIPP-d18 
BBOEHEP 6.17 qual 343.2 101 40 19 12 TCIPP-d18 
TEHP 8.98 quant 435.3 99 110 20 12 TBP-d27 
TEHP 8.98 qual 435.3 211 110 13 19 TBP-d27 
 
 172 
 
Table S3.2 QC results for OPEs metabolites analysis. QC samples were spiked with native chemicals, to create low spike concentration and high spike 
concentration samples. Concentrations in the low spike QCs were 20 ng/mL for DBP and DPhP, and 2.0 ng/mL for other chemicals. In the high spike 
QCs, spiked concentrations were 60 ng/mL for DBP and DPhP, and 6.0 ng/mL for the rest chemicals. Accuracy = (measured concentration – spiked 
concentration)/spiked concentration. MLDs were defined as the average concentration of field blanks (n=6) plus three times the standard deviation (SD) 
of the blanks, while IDLs were calculated from signal/noise ratio of 10. 
 Low spike (n=3)  High spike (n=3)  Average blank value 
(ng/mL) 
MLDs (ng/mL) IDLs (ng/mL) 
 Concentration (ng/mL) Accuracy (%)  Concentration (ng/mL) Accuracy (%)  
TCEP 2.6±0.5 131  6.3±0.7 105  0.018 0.022 0.0025 
TCIPP 2.4±0.3 120  6.1±0.5 101  1.1 1.3 0.0030 
TDCIPP 1.6±0.2 78  4.2±0.1 71  0.010 0.014 0.0030 
TBP 2.6±0.4 128  5.5±0.2 92  5.6 7.5 0.0025 
TEHP 1.9±0.2 94  5.4±1.2 91  0.024 0.030 0.0052 
TPhP 2.3±0.1 117  5.4±0.1 89  0.23 0.31 0.0038 
TMPP  1.9±0.6 93  4.3±0.6 72  n.d. 0.010 0.010 
TBOEP 1.9±0.7 93  6.3±0.1 105  0.15 0.26 0.0025 
EHDPP 1.3±0.6 65  5.3±0.5 88  0.10 0.16 0.0038 
BCEP 1.6±0.3 81  4.2±0.3 69  n.d. 0.014 0.010 
BCIPP 1.6±0.2 82  6.0±0.6 100  n.d. 0.039 0.039 
BCIPHIPP 2.4±0.2 119  6.7±0.4 112  n.d. 0.0020 0.0020 
BDCIPP 2.1±0.1 106  5.5±0.1 92  n.d. 0.0034 0.0034 
DBP 21±0.4 106  63±6.6 105  0.048 0.051 0.0030 
BEHP 1.5±0.1 74  4.5±0.7 75  0.052 0.16 0.0085 
DPhP 23±1.9 115  62±3.7 103  0.21 0.22 0.0020 
BMPP  2.4±0.1 122  7.4±0.3 123  n.d. 0.0022 0.0022 
BBOEP 2.2±0.1 108  6.1±0.4 102  n.d. 0.0033 0.0033 
3OH-TBOEP 2.3±0.4 114  5.6±0.2 94  n.d. 0.0027 0.0027 
BBOEHEP 2.6±0.3 128  6.1±0.4 102  n.d. 0.0025 0.0025 
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Table S3.3 Comparison of OPE metabolite levels in different countries (ng/mL) 
  BCEP BCIPP BDCIPP DBP BEHP DPhP BMPP BBOEP BCIPHIPP 
Australia children, (This study) (n=20)             
DF % 25 100 100 100 10 100 80 100 100 
Median <0.010 0.85 2.6 0.18 <0.41 25 0.024 0.32 0.43 
Range <0.010-0.036 0.063-3.2 1.6-19 0.013-0.55 <0.41-0.61 0.43-58 <0.010-0.093 0.085-0.78 0.11-2.1 
Australia children, Van den Eede et al. (2015b) (n=72)        
DF %   98 23  100  7 100 
Median   1.6 <0.43  33  <0.35 1.9 
Range     <0.15-8.9 <0.43-2.15   0.84-727   <0.35-0.53 0.37-9.43 
USA children, Butt et al. (2014) (n=26)             
DF %  4 100   100    
Median  n.a. 5.6   1    
Range   <0.12-0.46 3.2-9.7     <0.09-10.1       
USA children, Hoffman et al. (2015a) (n=43)             
DF %  19 100   93    
Median  n.a. 2.3   1    
Range   0.02-1.9 0.2-104     0.22-6.9       
Norway children, Cequier et al. (2015)(n=112)           
DF %   61 15  97  32  
Median   0.23 <0.12  1.1  <0.18  
Range     <0.12-3.7 <0.12-0.87   <0.03-140   <0.18-1.0   
USA children, Hoffman et al. (2017a)(n=33)             
DF %   -   -    
Median   10.9   2.9    
Range     -     -       
USA adults, Dodson et al. (2014) (n=16)              
DF % 75 31 94 56  62  12  
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  BCEP BCIPP BDCIPP DBP BEHP DPhP BMPP BBOEP BCIPHIPP 
Median 0.63 n.a. 0.09 0.11  0.44  n.a.  
Range <0.1-2.1 <0.06-0.97 <0.02-3.9 <0.08-0.45   <0.23-6.8   <0.34-0.71   
Belgium adults, Van den Eede et al. (2013b)(n=59)           
DF % 27 3 25 5  93  31  
Median - - - -  -  -  
Range <1.2-9.5 <3.7-6.2 <0.52-15 <3.4-3.5   <0.3-13   <0.15-7.0   
USA adults, Carignan et al. (2013) (n=29)             
DF %   100       
Median   0.041       
Range     0.062-1.76             
USA adults, Hoffman et al.(2014) (n=39)             
DF %   97.4   97.4    
Median   1.3   1.9    
Range     <0.013-19.9     <0.004-37.3       
USA adults, Butt et al. (2016) (n=28)             
DF %  11 100   100    
Median  n.a. 3.3   1.2    
Range   <0.08-4.0 0.98-14.3     0.39-3.5       
USA adults,, Butt et al. (2016) (n=28)             
DF %  9 100   100    
Median  n.a. 10.9   2.9    
Range   <0.08-3.4 1.7-798     0.36-82.0       
USA adults, Meeker et al. (2013) (n=45) 
DF %   91   96    
Median   0.12   0.27    
Range     <0.03-25.0     <0.06-9.84       
Canada adults, Su et al. (2015) (n=12)             
DF % 100 42 83 42 8 75    
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  BCEP BCIPP BDCIPP DBP BEHP DPhP BMPP BBOEP BCIPHIPP 
Median - - - - - -    
Range <0.16-12.33 n.d.-1.17 n.d.-0.68 Nd-<0.28 n.d.-<0.28 n.d.-1.29       
USA adults, Butt et al. (2014) (n=22)  
DF %  14 100   95    
Median  n.a. 2.4   1.9    
Range   <0.12-0.64 0.37-11.0     <0.18-68.7       
USA children, Hoffman et al. (2017a)(n=28)             
DF %   -   -    
Median   3.3   1.2    
Range     -     -       
USA adults, Hoffman et al. (2017a)(n=40)             
DF %   -   -    
Median   4.7   2.4    
Range     -     -       
USA adults, Cooper et al.  (2011) (n=9)             
DF %   100   100    
Median   0.083   0.8    
Range     0.046-1.7     0.29-7.4       
Aircraft crews, Schindler et al. (2013) (n=332)           
DF % 82 65  100  100 0.3   
Median 0.33 0.16  0.28  1.1 n.d.   
Range <0.1-20.3 <0.1-6.87   >0.2-9.72   >0.2-302.2 <0.5-0.62     
Aircraft crews, Schindler et al. (2014) (n=10)             
DF % 100 70  100  100    
Median 0.3 0.2  3.2  3.2    
Range 0.2-1.7 <0.1-0.3   0.9-7.9   0.9-7.9       
Canada adults, Kosarac et al. (2016) (n=24)             
DF % 37.5 54.2 29.2   91.7 75.1 16.7  
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  BCEP BCIPP BDCIPP DBP BEHP DPhP BMPP BBOEP BCIPHIPP 
Median 0.46 0.46 0.26   2.94 0.69 <0.08  
Range <0.15-1.25 <0.16-2.41 <0.25-1.77     <0.13-25.7 <0.13-4.38 <0.08-1.02   
Norway adults, Cequier et al. (2015)(n=244)             
DF %   52 8  97  <1  
Median   0.12 <0.12  0.51  <0.18  
Range     <0.12-2.0 <0.12-0.49   <0.03-60   <0.18-0.29   
n.d. = not detected. 
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Table S4.1 Retention times, MS parameters and MRMs for the target analytes. RT=retention time; DP= 
declustering potential; CE= collision energy; CXP= collision cell exit potential 
 RT Type 
precursor 
ion (m/z) 
product ion 
(m/z) 
DP (V) CE (V) CXP (V) IS 
Negative polarity 
DBP 6.87 quant 209 153 -70 -20 -21 DPhP-d10 
DBP 6.87 qual 209 79 -70 -45 -10 DPhP-d10 
BCEP 3.10 quant 221 35 -30 -24 -10 BCEP-d8 
BCEP 3.10 qual 223 37 -30 -29 -10 BCEP-d8 
BCEP-d8 3.04 quant 229 35 -30 -31 -10 - 
BCIPP 5.52 quant 248.8 35 -30 -32 -10 DPhP-d10 
BCIPP 5.52 qual 250.8 37 -30 -32 -10 DPhP-d10 
BMPP  7.83 quant 277 107 -50 -45 -12 DPhP-d10 
BMPP  7.83 qual 277 169 -50 -33 -18 DPhP-d10 
BEHP 11.10 quant 321.2 209 -120 -28 -19 DPhP-d10 
BEHP 11.10 qual 321.2 79 -120 -34 -10 DPhP-d10 
DPhP 6.62 quant 249.1 93 -50 -33 -15 DPhP-d10 
DPhP 6.62 qual 249 155 -50 -29 -17 DPhP-d10 
DPhP-d10 6.56 quant 259 98 -50 -40 -15 - 
BDCIPP 7.29 quant 316.8 35 -25 -40 -10 BDCIPP-d10 
BDCIPP 7.29 qual 318.8 35 -25 -40 -10 BDCIPP-d10 
BDCIPP-d10 7.29 quant 328.8 35 -30 -45 -10 - 
BBOEP 7.70 quant 297.1 79 -120 -32 -8 DPhP-d10 
BBOEP 7.70 qual 297.1 223.1 -120 -27 -21 DPhP-d10 
Positive polarity 
TPhP 7.04 quant 327.2 215 130 35 20 TPhP-d15 
TPhP 7.04 qual 327.2 152 130 48 16 TPhP-d15 
TPhP-d15 7.01 quant 342 82.1 150 65 10 - 
EHDPP 7.91 quant 363.2 251.1 35 12 20 TPhP-d15 
EHDPP 7.91 qual 363.2 153 35 40 18 TPhP-d15 
TBP 7.20 quant 267.2 155 75 15 17 TBP-d27 
TBP 7.20 qual 267.2 99 75 27 10 TBP-d27 
TBP-d27 7.18 quant 294 102 60 40 12 - 
TCEP 5.10 quant 285 63 55 45 10 TPhP-d15 
TCEP 5.10 qual 285 223 55 18 22 TPhP-d15 
TCIPP 6.32 quant 327 99 80 37 14 TCIPP-d18 
TCIPP 6.32 qual 327 251 80 14 15 TCIPP-d18 
TCIPP-d18 6.30 quant 344.9 102 45 28 12 - 
TMPP  7.73 quant 369 165 80 70 20 TPhP-d15 
TMPP  7.73 qual 369 243 80 37 25 TPhP-d15 
TDCIPP 6.92 quant 431 99 40 33 12 TCIPP-d18 
TDCIPPP 6.92 qual 431 209 40 22 9 TCIPP-d18 
BCIPHIPP 5.35 Qual 309 99 40 26 10 TCIPP-d18 
BCIPHIPP 5.35 quant 309 175 40 17 15 TCIPP-d18 
TBOEP 7.39 quant 399.2 299.1 70 18 27 TBOEP-d6 
TBOEP 7.39 qual 399.2 199 70 22 24 TBOEP-d6 
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 RT Type 
precursor 
ion (m/z) 
product ion 
(m/z) 
DP (V) CE (V) CXP (V) IS 
TBOEP-d6 7.38 quant 405.4 47 80 70 8 - 
3OH-TBOEP 6.58 quant 415.3 199.2 80 25 10 TBOEP-d6 
3OH-TBOEP 6.58 qual 415.3 243.3 80 25 10 TBOEP-d6 
BBOEHEP 6.17 quant 343.2 243.1 40 16 22 TCIPP-d18 
BBOEHEP 6.17 qual 343.2 101 40 19 12 TCIPP-d18 
TEHP 8.98 quant 435.3 99 110 20 12 TBP-d27 
TEHP 8.98 qual 435.3 211 110 13 19 TBP-d27 
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Table S4.2 QC results for OPEs metabolites analysis. Accuracy = (measured concentration – spiked 
concentration)/spiked concentration. MLDs were defined as the average concentration of field 
blanks (n=5) plus three times the standard deviation (SD) of the blanks. 
 Low spike (n=3)  High spike (n=3)  Average 
blank 
value 
(ng/mL) 
MLDs 
(ng/mL)  
Concentration 
(ng/mL) 
Accuracy 
(%) 
 
Concentration 
(ng/mL) 
Accuracy 
(%) 
 
TCEP 2.6±0.5 131  6.3±0.7 105  0.018 0.031 
TCIPP 2.4±0.3 120  6.1±0.5 101  2.4 2.8 
TDCIPP 1.6±0.2 78  4.2±0.1 71  0.018 0.022 
TBP 2.6±0.4 128  5.5±0.2 92  5.6 7.0 
TEHP 1.9±0.2 94  5.4±1.2 91  n.d. 0.010 
TPhP 2.3±0.1 117  5.4±0.1 89  0.33 0.50 
TMPP  1.9±0.6 93  4.3±0.6 72  n.d. 0.010 
TBOEP 1.9±0.7 93  6.3±0.1 105  0.36 0.52 
EHDPP 1.3±0.6 65  5.3±0.5 88  0.29 0.44 
BCEP 1.6±0.3 81  4.2±0.3 69  n.d. 0.010 
BCIPP 1.6±0.2 82  6.0±0.6 100  n.d. 0.050 
BCIPHIPP 2.4±0.2 119  6.7±0.4 112  n.d. 0.050 
BDCIPP 2.1±0.1 106  5.5±0.1 92  n.d. 0.050 
DBP 21±0.4 106  63±6.6 105  0.048 0.057 
BEHP 1.5±0.1 74  4.5±0.7 75  0.36 0.41 
DPhP 23±1.9 115  62±3.7 103  0.47 0.60 
BMPP  2.4±0.1 122  7.4±0.3 123  n.d. 0.0042 
BBOEP 2.2±0.1 108  6.1±0.4 102  n.d. 0.050 
3OH-TBOEP 2.3±0.4 114  5.6±0.2 94  n.d. 0.010 
BBOEHEP 2.6±0.3 128  6.1±0.4 102  n.d. 0.0029 
 
 181 
 
Table S4.3A Age-related behavioural factors and their association with log adjusted OPE metabolite concentrations in urine.  Results are presented unadjusted and 
then adjusted for age (in months).  P-values represent the entire categorical variable.  Significant results are presented in bold. 
 Log BBOEP Log BCIPP Log BDCIPP Log DBP Log BMPP Log DPhP Log BCIPHIPP 
 
Unadjusted 
for Age 
Adjusted 
for Age 
Unadjusted 
for Age 
Adjusted 
for Age 
Unadjusted 
for Age 
Adjusted 
for Age 
Unadjusted 
for Age 
Adjusted 
for Age 
Unadjusted 
for Age 
Adjusted 
for Age 
Unadjusted 
for Age 
Adjusted 
for Age 
Unadjusted 
for Age 
Adjusted 
for Age 
Age 
(months) 
0.033*** 
(0.017 – 
0.050) 
 
-0.062*** 
(-0.090 –  
-0.034) 
 
-0.013 
(-0.036 – 
0.010) 
 
-0.026  
(-0.054 – 
0.002) 
 
0.015* 
(0.000 – 
0.031) 
 
0.003  
(-0.010 – 
0.016) 
 
-0.044*** 
(-0.068 – 
0.019) 
 
p-value <0.001  <0.001  0.269  0.069  0.045  0.659  0.001  
R2 0.248  0.294  0.025  0.066  0.079  0.004  0.205  
Breast feeding currently 
Yes: reference 
No 
0.302* 
(0.050-
0.554) 
-0.009  
(-0.322-
0.303) 
-0.695**  
(-1.109- 
-0.281) 
-0.213 
(-0.732-
0.306) 
-0.030  
(-0.355-
0.294) 
0.158  
(-0.273-
0.590) 
-0.425*  
(-0.812 – 
-0.038) 
-0.329  
(-0.851-
0.193) 
0.123  
(-0.094-
0.339) 
-0.037  
(-0.321-
0.248) 
-0.009  
(-0.189-
0.171) 
-0.063 (-
0.305-
0.178) 
-0.627*** 
(-0.969 –  
-0.285) 
-0.397  
(-0.849-
0.055) 
p-value 0.020 0.9526 0.001 0.413 0.852 0.464 0.032 0.211 0.260 0.797 0.920 0.600 0.001 0.083 
R2 0.106 0.248 0.189 0.303 0.001 0.036 0.090 0.096 0.026 0.081 0.000 0.010 0.217 0.254 
Mouthing Behaviour 
Interested in mouthing any objects: reference 
Not interested 
in mouthing 
any objects 
0.536** 
(0.208-
0.865) 
0.343* 
(0.012-
0.674) 
-0.491  
(-1.101-
0.118) 
-0.037  
(-0.614-
0.540) 
0.217  
(-0.221-
0.655) 
0.367  
(-0.100-
0.834) 
-0.069  
(-0.621-
0.483) 
0.145 
(-0.439-
0.730) 
0.194  
(-0.099-
0.488) 
0.095  
(-0.218-
0.408) 
0.383*** 
(0.165-
0.601) 
0.427*** 
(0.189-
0.664) 
-0.443  
(-0.954-
0.067) 
-0.141  
(-0.655-
0.372) 
p-value 0.002 0.0424 0.112 0.898 0.325 0.120 0.803 0.619 0.189 0.546 0.001 0.001 0.087 0.582 
R2 0.180 0.311 0.051 0.294 0.020 0.073 0.001 0.071 0.035 0.086 0.202 0.217 0.058 0.210 
Mobility 
Not walking or crawling: reference 
Crawling 
only 
0.414* 
(0.088-
0.741) 
0.374* 
(0.050-
0.698) 
-0.219 (-
0.793-
0.355) 
-0.146 (-
0.715-
0.423) 
-0.245 (-
0.695-
0.205) 
-0.269 (-
0.727-
0.189) 
-0.406 (-
0.966-
0.154) 
-0.344 (-
0.903-
0.216) 
-0.140 (-
0.442-
0.162) 
-0.159 (-
0.466-
0.147) 
0.103 (-
0.151-
0.358) 
0.092 (-
0.167-
0.352) 
-0.380 (-
0.883-
0.122) 
-0.321 (-
0.822-
0.179) 
Crawling and 
walking 
0.614*** 
(0.296-
0.933) 
0.280 (-
0.227-
0.786) 
-0.928** (-
1.488--
0.368) 
-0.330 (-
1.220-
0.560) 
-0.352 (-
0.792-
0.087) 
-0.551 (-
1.267-
0.166) 
-0.320 (-
0.867-
0.226) 
0.193 (-
0.682-
1.068) 
0.122 (-
0.172-
0.417) 
-0.035 (-
0.515-
0.444) 
0.119 (-
0.129-
0.368) 
0.030 (-
0.376-
0.436) 
-0.649* (-
1.140--
0.159) 
-0.165 (-
0.948-
0.618) 
Walking only 0.516** 
0.218  
(-0.255-
0.691) 
-0.804**  
(-1.364 – 
- 0.244) 
-0.271  
(-1.102-
0.560) 
-0.346  
(-0.785-
0.094) 
-0.522  
(-1.191-
0.147) 
-0.379  
(-0.925-
0.167) 
0.078  
(-0.739-
0.895) 
0.188  
(-0.107-
0.482) 
0.048  
(-0.400-
0.495) 
-0.041  
(-0.289-
0.208) 
-0.121  
(-0.500-
0.259) 
-0.684**  
(-1.174 – 
-0.193) 
-0.252  
(-0.983-
0.479) 
p-value 0.001 0.153 0.004 0.889 0.324 0.394 0.405 0.479 0.182 0.644 0.541 0.519 0.024 0.614 
R2 0.284 0.327 0.249 0.295 0.072 0.082 0.061 0.106 0.099 0.113 0.045 0.052 0.184 0.227 
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Frequency of playing in an outdoor garden 
Once per day or more: reference 
Less than 
once per day 
-0.358**  
(-0.619 – 
-0.098) 
-0.136  
(-0.425-
0.153) 
0.353  
(-0.119-
0.825) 
-0.196  
(-0.680-
0.288) 
0.078  
(-0.263-
0.418) 
-0.033  
(-0.438-
0.371) 
0.057  
(-0.369-
0.483) 
-0.210  
(-0.701-
0.281) 
-0.003  
(-0.233-
0.227) 
0.168 
(-0.093-
0.429) 
0.006  
(-0.183-
0.194) 
0.040 
(-0.186-
0.265) 
0.215  
(-0.186-
0.616) 
-0.185  
(-0.616-
0.247) 
p-value 0.008 0.349 0.139 0.419 0.649 0.868 0.789 0.393 0.979 0.201 0.953 0.726 0.286 0.393 
R2 0.135 0.262 0.044 0.303 0.004 0.025 0.001 0.080 0.000 0.110 0.000 0.007 0.023 0.217 
Frequency of washing hands with soap and water 
Once per day or more: reference 
Less than 
once per day 
-0.373**  
(-0.632 – 
-0.114) 
-0.230  
(-0.483-
0.022) 
0.594* 
(0.141-
1.046) 
0.323  
(-0.109-
0.754) 
0.224  
(-0.109-
0.557) 
0.184  
(-0.175-
0.542) 
0.197  
(-0.227-
0.622) 
0.070  
(-0.376-
0.516) 
-0.239*  
(-0.448- 
-0.030) 
-0.171  
(-0.390-
0.047) 
-0.117  
(-0.307-
0.073) 
-0.120  
(-0.326-
0.085) 
0.356  
(-0.035-
0.747) 
0.163  
(-0.227-
0.552) 
p-value 0.006 0.072 0.011 0.139 0.182 0.307 0.355 0.754 0.026 0.1215 0.220 0.245 0.073 0.404 
R2 0.154 0.313 0.132 0.325 0.038 0.047 0.019 0.073 0.103 0.162 0.033 0.033 0.068 0.209 
* p<.05  **  p<.01  ***  p<.001 
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Table S4.3B Non-age related environmental and behavioural factors and their association with log adjusted OPE metabolite concentrations in urine.  P-values 
represent the entire categorical variable.  Significant results are presented in bold.   
 
 Log BBOEP  Log BCIPP Log BDCIPP Log DBP Log BMPP Log DPhP Log BCIPHIPP 
Number of dishwashers in the home 
None Reference  
One -0.175 (-0.555-0.205)  -0.541 (-1.183-0.102)  -0.344 (-0.801-0.113)  -0.302 (-0.880-0.275)  -0.081 (-0.396-0.233)  -0.394** (-0.626--0.161)  
-0.438 (-0.980-
0.103)  
p-value 0.36    0.097    0.136    0.298    0.607    0.001    0.110    
R2 0.017 0.055 0.045 0.022 0.005 0.191 0.051 
Presence of window air-conditioner unit 
No Reference  
Yes -0.041 (-0.374-0.291)  0.500 (-0.054-1.055)  0.264 (-0.134-0.662)  0.577* (0.099-1.055)  0.031 (-0.242-0.304)  -0.063 (-0.286-0.161)  
0.557* (0.102-
1.011)  
p-value 0.804    0.076    0.189    0.019    0.819    0.575    0.017    
R2 0.001 0.063 0.035 0.107 0.001 0.006 0.110 
Number of Refrigerators 
<2 Reference 
>=2 -0.317* (-0.598--0.035)  0.591* (0.111-1.072)  0.080 (-0.280-0.440)  0.411 (-0.024-0.845)  0.003 (-0.240-0.246)  -0.010 (-0.209-0.189)  
0.527* (0.126-
0.928)  
p-value 0.028    0.017    0.656    0.063    0.979    0.921    0.011    
R2 0.095 0.111 0.004 0.069 0.000 0.000 0.125 
Frequency of vacuuming 
Once per day or more Reference  
Less than once per day -0.037 (-0.321-0.247)  -0.018 (-0.508-0.473)  -0.093 (-0.439-0.252)  0.375 (-0.044-0.795)  0.192 (-0.035-0.419)  -0.136 (-0.324-0.052)  
-0.029 (-0.441-
0.384)  
p-value 0.795    0.943    0.590    0.078    0.096    0.152    0.889    
R2 0.001 0.000 0.006 0.062 0.055 0.041 0.000 
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* p<.05  **  p<.01  ***  p<.00 
 Log BBOEP  Log BCIPP Log BDCIPP Log DBP Log BMPP Log DPhP Log BCIPHIPP 
Frequency of dusting  
About weekly Reference 
About fortnightly -0.082 (-0.345-0.181)  -0.050 (-0.505-0.405)  -0.216 (-0.532-0.100)  -0.026 (-0.428-0.375)  0.233* (0.026-0.439)  -0.072 (-0.249-0.104)  
-0.058 (-0.440-
0.325)  
p-value 0.533    0.825    0.175    0.895    0.028    0.415    0.762    
R2 0.008 0.001 0.037 0.000 0.095 0.014 0.002 
Home  
Owned Reference 
Rented  0.107 (-0.171-0.385)  -0.512* (-0.972--0.052)  -0.194 (-0.531-0.143)  0.065 (-0.361-0.491)  0.111 (-0.117-0.339)  0.125 (-0.061-0.310)  
-0.309 (-0.705-
0.087)  
p-value 0.444    0.030    0.252    0.761    0.334    0.183    0.124    
R2 0.012 0.093 0.027 0.002 0.019 0.036 0.048 
Tinted windows on the car that the child spends the most time in   
Yes – tinted  Reference 
No – not tinted  0.088 (-0.202-0.378)  -0.132 (-0.644-0.380)  0.019 (-0.334-0.371)  -0.049 (-0.485-0.387)  0.374** (0.156-0.592)  0.064 (-0.116-0.244)  
-0.112 (-0.543-
0.319)  
p-value 0.545 0.606 0.915 0.822 0.001 0.480 0.602 
R2 0.008 0.006 0.000 0.001 0.206 0.011 0.006 
Sunshade use in car when weather hot  
Yes  Reference  
No 0.093 (-0.17-0.356)  0.184 (-0.269-0.637)  0.136 (-0.184-0.456)  0.237 (-0.159-0.634)  -0.074 (-0.290-0.142)  -0.148 (-0.321-0.025)  
0.163 (-0.218-
0.543)  
p-value 0.479    0.418    0.396    0.235    0.496    0.092    0.395    
R2 0.010 0.013 0.015 0.029 0.010 0.057 0.015 
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Table S5.1. Concentrations of analytes in field blanks (n=6) 
 Concentrations in blanks (ng/g) RSD for blanks (%) MDL for solid (ng/g) MDL for liquid (ng/g) 
OPEs 
TCEP 0.044 ± 0.006 12 0.060 0.021 
TCIPP 0.22 ± 0.04 17 0.33 0.11 
TDCPP 0.033 ± 0.006 18 0.051 0.017 
TBP 0.044 ± 0.007 15 0.063 0.021 
TBOEP n.d. - 0.045 0.015 
TEHP n.d. - 0.0040 0.0013 
TMPP n.d. - 0.0040 0.0013 
TPhP n.d. - 0.0040 0.0013 
EHDPP 0.22 ± 0.04 16 0.33 0.11 
mOPEs 
BCEP n.d. - 0.0040 0.0013 
BCIPP n.d. - 0.040 0.013 
BCIPHIPP n.d. - 0.036 0.012 
BDCIPP n.d. - 0.0040 0.0013 
DBP 0.0088 ± 0.0025 28 0.016 0.0054 
BBOEP n.d. - 0.0040 0.0013 
BBOEHEP 0.23 ± 0.03  0.33 0.11 
OH-TBOEP 0.041 ± 0.004 10 0.054 0.018 
BEHP 0.00089 ± 0.0002 23 0.0015 0.00050 
DMPP n.d. - 0.0040 0.0013 
DPhP 0.018 ± 0.004 21 0.028 0.0096 
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Table S5.2A. Concentrations and transformations rate of OPEs and mOPEs in spiked samples (A). 500 ng 
OPEs were spiked into food samples (rice)  
 
Measured concentration of 
OPEs 
Measured concentrations of related mOPEs 
Transformation rate 
(%) 
TCEP 498±53 n.d. (BCEP) 0 
TCIPP 585±64 n.d. (BCIPP); n.d. (BCIPHIPP) 0 
TDCPP 504±57 n.d. (BDCIPP) 0 
TBP 496±65 n.d. (DBP) 0 
TBOEP 419±47 n.d. (BBOEP); n.d. (BOEHEP) n.d. (OH-TBOEP) 0 
TEHP 543±62 n.d. (BEHP) 0 
TMPP 460±50 n.d. (DMPP) 0 
TPhP 520±59 n.d. (DPhP) 0 
EHDPP 482±59 n.d. (DPhP) 0 
 
Table S5.2B Concentrations and transformations rate of OPEs and mOPEs in spiked samples (B). 500 ng 
mOPEs were spiked into food samples (rice) 
 
Measured concentration of 
mOPEs 
Measured concentrations of related OPEs 
Transformation rate 
(%) 
BCEP 497±63 n.d. (TCEP) 0 
BCIPP 475±56 17±8.1 (TCIPP) 3.5 
BCIPHIPP 489±89 17±8.1 (TCIPP) 3.5 
BDCIPP 429±89 n.d. (TCIPP) 0 
DBP 475±78 n.d. (TBP) 0 
BBOEP 450±81 3.2±2.2 (TBOEP) 0.68 
BBOEHEP 432±63 3.2±2.2 (TBOEP) 0.68 
OH-TBOEP 477±62 3.2±2.2 (TBOEP) 0.68 
BEHP 464±51 n.d. (TEHP) 0 
DMPP 444±61 n.d. (TMPP) 0.02 
DPhP 438±87 1.3±0.1 (TPhP); n.d. (EHDPP) 
0.26 for TPhP; 0 for 
EHDPP 
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Table S3. Retention times, MS parameters and MRMs for the target analytes. RT=retention time; DP= 
declustering potential; CE= collision energy; CXP= collision cell exit potential 
 RT Type 
precursor ion 
(m/z) 
product ion 
(m/z) 
DP (V) CE (V) CXP (V) IS 
Negative polarity 
BCEP-d8 3.04 quant 229 35 -30 -31 -10 - 
BCEP 3.10 quant 221 35 -30 -24 -10 BCEP-d8 
BCEP 3.10 qual 223 37 -30 -29 -10 BCEP-d8 
BCIPP 5.52 quant 248.8 35 -30 -32 -10 DPhP-d10 
BCIPP 5.52 qual 250.8 37 -30 -32 -10 DPhP-d10 
DPhP-d10 6.56 quant 259 98 -50 -40 -15 - 
DPhP 6.62 quant 249.1 93 -50 -33 -15 DPhP-d10 
DPhP 6.62 qual 249 155 -50 -29 -17 DPhP-d10 
DBP 6.87 quant 209 153 -70 -20 -21 DPhP-d10 
DBP 6.87 qual 209 79 -70 -45 -10 DPhP-d10 
BDCIPP-d10 7.29 quant 328.8 35 -30 -45 -10 - 
BDCIPP 7.29 quant 316.8 35 -25 -40 -10 BDCIPP-d10 
BDCIPP 7.29 qual 318.8 35 -25 -40 -10 BDCIPP-d10 
BBOEP 7.70 quant 297.1 79 -120 -32 -8 DPhP-d10 
BBOEP 7.70 qual 297.1 223.1 -120 -27 -21 DPhP-d10 
BMPP 7.83 quant 277 107 -50 -45 -12 DPhP-d10 
BMPP 7.83 qual 277 169 -50 -33 -18 DPhP-d10 
BEHP 11.10 quant 321.2 209 -120 -28 -19 DPhP-d10 
BEHP 11.10 qual 321.2 79 -120 -34 -10 DPhP-d10 
Positive polarity 
TCEP 5.10 quant 285 63 55 45 10 TPhP-d15 
TCEP 5.10 qual 285 223 55 18 22 TPhP-d15 
BCIPHIPP 5.35 qual 309 99 40 26 10 TCIPP-d18 
BCIPHIPP 5.35 quant 309 175 40 17 15 TCIPP-d18 
BBOEHEP 6.17 quant 343.2 243.1 40 16 22 TCIPP-d18 
BBOEHEP 6.17 qual 343.2 101 40 19 12 TCIPP-d18 
TCIPP-d18 6.30 quant 344.9 102 45 28 12 - 
TCIPP 6.32 quant 327 99 80 37 14 TCIPP-d18 
TCIPP 6.32 qual 327 251 80 14 15 TCIPP-d18 
OH-TBOEP 6.58 quant 415.3 199.2 80 25 10 TBOEP-d6 
OH-TBOEP 6.58 qual 415.3 243.3 80 25 10 TBOEP-d6 
TDCIPP 6.92 quant 431 99 40 33 12 TCIPP-d18 
TDCIPPP 6.92 qual 431 209 40 22 9 TCIPP-d18 
TPhP-d15 7.01 quant 342 82.1 150 65 10 - 
TPhP 7.04 quant 327.2 215 130 35 20 TPhP-d15 
TPhP 7.04 qual 327.2 152 130 48 16 TPhP-d15 
TBP-d27 7.18 quant 294 102 60 40 12 - 
TBP 7.20 quant 267.2 155 75 15 17 TBP-d27 
TBP 7.20 qual 267.2 99 75 27 10 TBP-d27 
TBOEP-d6 7.38 quant 405.4 47 80 70 8 - 
TBOEP 7.39 quant 399.2 299.1 70 18 27 TBOEP-d6 
 189 
 
 RT Type 
precursor ion 
(m/z) 
product ion 
(m/z) 
DP (V) CE (V) CXP (V) IS 
TBOEP 7.39 qual 399.2 199 70 22 24 TBOEP-d6 
TMPP 7.73 quant 369 165 80 70 20 TPhP-d15 
TMPP 7.73 qual 369 243 80 37 25 TPhP-d15 
EHDPP 7.91 quant 363.2 251.1 35 12 20 TPhP-d15 
EHDPP 7.91 qual 363.2 153 35 40 18 TPhP-d15 
TEHP 8.98 quant 435.3 99 110 20 12 TBP-d27 
TEHP 8.98 qual 435.3 211 110 13 19 TBP-d27 
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Table S5.4. Concentration of target OPEs in each food item (ng/g ww). For replicates, average concentration for replicates was used. 
Food group Item Supermarket ID Water content (%) TCEP TCIPP TDCPP TBP TBOEP TEHP TMPP TPhP EHDPP 
Cereal Rice 1 9.4 0.067 0.34 <MDL 1.1 0.16 <MDL 0.070 0.62 <MDL 
 Rice 2 9.2 <MDL 0.41 0.086 0.43 0.098 <MDL 0.026 0.28 <MDL 
 Rice 3 9.1 <MDL <MDL <MDL 0.17 0.18 <MDL <MDL <MDL <MDL 
 Pasta 1 5.5 <MDL 0.39 <MDL 0.32 0.11 <MDL <MDL 0.33 1.1 
 Pasta 2 5.8 0.097 0.45 <MDL 0.14 0.073 <MDL <MDL <MDL <MDL 
 Pasta 3 6.0 <MDL 0.47 <MDL 0.22 0.083 <MDL <MDL <MDL <MDL 
 Bread 1 25 0.22 1.3 0.11 0.085 <MDL <MDL <MDL <MDL <MDL 
 Bread 2 37 0.29 0.46 <MDL 0.48 0.065 <MDL <MDL <MDL <MDL 
 Bread 3 43 0.49 1.6 <MDL 0.17 0.10 <MDL <MDL <MDL <MDL 
 Oatmeal 1 9.3 0.56 1.1 <MDL 1.4 <MDL <MDL <MDL <MDL <MDL 
 Oatmeal 2 11 1.5 1.5 <MDL 0.27 0.15 <MDL 0.034 <MDL <MDL 
 Oatmeal 3 8.8 0.64 2.2 0.38 3.1 0.54 <MDL 0.27 <MDL <MDL 
Fruit Apple 1 86 0.081 2.0 <MDL 0.10 0.12 <MDL <MDL <MDL <MDL 
 Apple 2 85 0.17 5.3 0.39 0.48 0.84 <MDL <MDL <MDL <MDL 
 Apple 3 87 <MDL 2.6 0.16 0.20 0.71 <MDL <MDL <MDL <MDL 
 Banana 1 76 <MDL 0.76 <MDL <MDL <MDL 0.71 <MDL <MDL <MDL 
 Banana 2 75 <MDL <MDL 0.072 <MDL <MDL <MDL <MDL <MDL <MDL 
 Banana 3 73 0.083 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Mandarin 1 62 0.081 <MDL <MDL 0.10 0.067 4.1 <MDL <MDL <MDL 
 Mandarin 2 61 <MDL <MDL <MDL <MDL 0.080 <MDL <MDL <MDL <MDL 
 Mandarin 3 78 <MDL 1.5 <MDL <MDL 0.20 2.9 <MDL <MDL <MDL 
 Orange 1 81 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Orange 2 83 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Orange 3 76 <MDL <MDL <MDL <MDL 0.090 0.77 <MDL <MDL <MDL 
 Strawberry 1 91 <MDL 1.2 0.078 0.094 0.11 <MDL <MDL <MDL <MDL 
 Strawberry 2 86 <MDL 1.8 0.12 0.19 0.23 <MDL <MDL <MDL <MDL 
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Food group Item Supermarket ID Water content (%) TCEP TCIPP TDCPP TBP TBOEP TEHP TMPP TPhP EHDPP 
 Strawberry 3 90 0.13 3.0 0.16 0.21 0.24 <MDL <MDL <MDL <MDL 
Vegetable Carrot 1 87 0.11 1.8 <MDL 0.10 0.12 <MDL <MDL <MDL <MDL 
 Carrot 2 89 0.082 1.2 <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Carrot 3 87 0.18 3.9 0.075 0.49 0.18 <MDL <MDL <MDL <MDL 
 Potato 1 80 <MDL 0.88 <MDL <MDL <MDL <MDL <MDL 0.78 <MDL 
 Potato 2 79 0.090 0.72 <MDL <MDL <MDL <MDL <MDL 0.43 <MDL 
 Potato 3 84 <MDL 0.98 <MDL 0.079 0.10 <MDL <MDL <MDL <MDL 
 Broccoli 1 89 <MDL 2.5 <MDL 0.24 <MDL <MDL <MDL <MDL <MDL 
 Broccoli 2 83 0.14 2.1 <MDL 0.26 <MDL <MDL <MDL <MDL <MDL 
 Broccoli 3 89 <MDL 2.8 <MDL 0.24 <MDL <MDL <MDL <MDL <MDL 
 Onion 1 87 <MDL 2.9 <MDL 0.82 0.10 <MDL <MDL <MDL <MDL 
 Onion 2 87 <MDL 2.1 <MDL 0.55 0.10 <MDL <MDL <MDL <MDL 
 Onion 3 87 0.11 1.8 <MDL 0.44 0.092 <MDL <MDL <MDL <MDL 
 Tomato 1 95 0.074 1.3 <MDL 0.070 0.065 <MDL <MDL <MDL <MDL 
 Tomato 2 93 0.096 1.6 <MDL <MDL 0.12 <MDL <MDL <MDL <MDL 
 Tomato 3 94 0.14 2.1 <MDL <MDL 0.20 <MDL <MDL 1.0 <MDL 
Dairy products Milk 1 88 <MDL <MDL <MDL 0.11 <MDL <MDL <MDL <MDL <MDL 
 Milk 2 89 0.16 <MDL <MDL 0.16 <MDL <MDL <MDL <MDL <MDL 
 Milk 3 88 <MDL 0.35 <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Cheese 1 36 0.11 0.86 <MDL 0.30 <MDL <MDL <MDL <MDL <MDL 
 Cheese 2 36 <MDL 0.58 <MDL 0.26 <MDL <MDL <MDL <MDL <MDL 
 Cheese 3 39 <MDL 0.38 <MDL 0.11 0.068 <MDL <MDL <MDL <MDL 
 Yoghurt 1 76 0.13 2.3 <MDL 2.4 0.45 <MDL <MDL <MDL <MDL 
 Yoghurt 2 80 0.067 1.3 <MDL 2.6 <MDL <MDL <MDL <MDL <MDL 
 Yoghurt 3 76 0.089 1.9 <MDL 2.6 <MDL <MDL <MDL <MDL <MDL 
Meat Beef 1 68 <MDL 0.42 <MDL 0.12 <MDL <MDL <MDL <MDL <MDL 
 Beef 2 64 <MDL 0.44 <MDL 0.94 <MDL <MDL 0.065 0.099 <MDL 
 Beef 3 76 0.099 0.37 <MDL 0.14 <MDL <MDL <MDL <MDL <MDL 
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Food group Item Supermarket ID Water content (%) TCEP TCIPP TDCPP TBP TBOEP TEHP TMPP TPhP EHDPP 
 Lamb 1 65 <MDL 0.38 <MDL 0.094 <MDL <MDL <MDL <MDL <MDL 
 Lamb 2 72 <MDL 0.35 <MDL 0.14 <MDL <MDL <MDL <MDL <MDL 
 Lamb 3 68 <MDL <MDL <MDL 0.071 <MDL <MDL <MDL <MDL <MDL 
 Pork 1 71 0.35 0.46 <MDL 0.22 <MDL <MDL <MDL 0.15 <MDL 
 Pork 2 75 <MDL 0.48 <MDL 0.29 <MDL <MDL <MDL <MDL <MDL 
 Pork 3 74 <MDL 0.52 <MDL 0.60 0.062 <MDL 0.079 0.16 <MDL 
 Chicken 1 75 0.063 <MDL <MDL 0.43 <MDL <MDL <MDL 0.14 <MDL 
 Chicken 2 76 <MDL <MDL <MDL 0.065 <MDL <MDL <MDL <MDL <MDL 
 Chicken 3 71 <MDL 0.41 <MDL 0.10 <MDL <MDL <MDL <MDL <MDL 
Fish and seafood Prawn 1 76 0.10 0.95 <MDL 0.83 0.063 <MDL <MDL <MDL <MDL 
 Prawn 2 78 <MDL 0.83 <MDL 0.57 <MDL <MDL <MDL <MDL <MDL 
 Prawn 3 78 <MDL 0.75 <MDL 0.48 <MDL <MDL <MDL 0.36 <MDL 
 Oyster 1 78 <MDL 1.39 <MDL 0.36 <MDL <MDL <MDL <MDL <MDL 
 Oyster 2 77 0.13 0.96 <MDL 0.26 <MDL <MDL <MDL <MDL <MDL 
 Oyster 3 80 <MDL 1.8 0.055 1.5 0.16 <MDL <MDL <MDL <MDL 
 Salmon 1 55 <MDL 0.40 <MDL 0.43 <MDL <MDL <MDL <MDL <MDL 
 Salmon 2 51 <MDL 0.46 <MDL 0.17 <MDL <MDL <MDL 0.57 <MDL 
 Salmon 3 64 <MDL 0.41 <MDL 0.44 <MDL <MDL <MDL <MDL <MDL 
Egg Egg 1 77 <MDL <MDL <MDL 0.14 <MDL <MDL <MDL <MDL <MDL 
 Egg 2 73 <MDL 0.40 <MDL 0.15 <MDL <MDL <MDL <MDL <MDL 
 Egg 3 77 0.50 0.73 <MDL 0.21 <MDL <MDL <MDL <MDL <MDL 
Beverages Beer a 1 n.a. <MDL <MDL 0.067 <MDL 0.21 <MDL <MDL <MDL <MDL 
 Beer a 2 n.a. <MDL 0.60 0.29 <MDL 0.085 <MDL <MDL <MDL <MDL 
 Beer a 3 n.a. <MDL 0.45 0.31 <MDL 0.057 <MDL <MDL <MDL <MDL 
 Coffee 1 93 <MDL 0.35 0.22 <MDL 0.12 <MDL <MDL <MDL <MDL 
 Coffee 2 90 <MDL 0.40 0.31 <MDL 0.136 <MDL <MDL <MDL <MDL 
 Coffee 3 91 <MDL 0.32 0.19 <MDL 0.11 <MDL <MDL <MDL <MDL 
 Juice 1 90 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
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Food group Item Supermarket ID Water content (%) TCEP TCIPP TDCPP TBP TBOEP TEHP TMPP TPhP EHDPP 
 Juice 2 90 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Juice 3 92 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Tea a 1 n.a. 0.17 1.1 <MDL 1.1 0.085 <MDL <MDL <MDL <MDL 
 Tea a 2 n.a. <MDL 3.0 <MDL 3.3 0.096 <MDL <MDL <MDL <MDL 
 Tea a 3 n.a. <MDL 0.55 <MDL <MDL 0.10 <MDL <MDL 0.070 <MDL 
 Tap water a 4 b n.a. <MDL <MDL <MDL <MDL <MDL <MDL <MDL 0.041 <MDL 
 Tap water a 5 b n.a. <MDL <MDL <MDL 0.090 <MDL <MDL <MDL 0.059 <MDL 
 Tap water a 6 b n.a. <MDL 2.3 0.10 <MDL <MDL <MDL <MDL 0.015 <MDL 
 Tap water a 7 b n.a. <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Tap water a 8 b n.a. <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 
a: Concentration of analytes in beer, tea and tap water were shown in ng/g using the density of 1.0 g/mL. 
b: Tap water samples were collected in 5 different private houses.   
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Table S5.5. Concentration of target mOPEs in each food item (ng/g ww) 
Food group Item Supermarket ID BCEP BCIPP BCIPHIPP BDCIPP DBP BBOEP BBOEHEP OH-TBOEP BEHP DMPP DPhP 
Cereal Rice 1 <MDL <MDL 0.26 0.79 0.28 0.23 <MDL <MDL 0.96 0.23 1.9 
 Rice 2 <MDL <MDL 0.46 <MDL 0.033 0.0047 <MDL <MDL 0.21 0.044 0.18 
 Rice 3 <MDL <MDL 0.18 1.3 0.36 0.21 <MDL 0.10 0.35 0.12 2.2 
 Pasta 1 <MDL <MDL 1.0 <MDL 0.20 0.25 <MDL <MDL 0.37 0.15 2.0 
 Pasta 2 <MDL <MDL 0.99 <MDL 1.6 1.2 <MDL <MDL 1.7 0.54 12 
 Pasta 3 <MDL <MDL 1.0 <MDL 0.69 0.95 <MDL <MDL 1.1 0.35 4.0 
 Bread 1 <MDL <MDL <MDL 0.15 0.25 0.84 <MDL <MDL 0.57 <MDL 2.1 
 Bread 2 <MDL <MDL 3.0 1.6 0.75 0.75 <MDL 0.16 0.82 0.35 6.8 
 Bread 3 <MDL <MDL 0.23 3.9 0.34 0.37 <MDL <MDL 0.43 0.24 2.8 
 Oatmeal 1 <MDL <MDL <MDL 1.1 1.3 0.40 <MDL <MDL 3.6 1.3 9.7 
 Oatmeal 2 <MDL <MDL 0.96 1.8 1.3 1.2 <MDL 0.10 2.1 0.38 6.5 
 Oatmeal 3 <MDL <MDL 1.1 <MDL 1.3 1.7 <MDL 0.47 3.0 0.92 11 
Fruit Apple 1 <MDL <MDL <MDL <MDL 0.57 <MDL <MDL 0.40 0.22 <MDL 2.6 
 Apple 2 <MDL <MDL <MDL <MDL 0.83 <MDL <MDL 1.5 0.53 <MDL 2.6 
 Apple 3 <MDL <MDL <MDL <MDL 0.13 <MDL 1.2 0.93 1.4 <MDL 0.89 
 Banana 1 <MDL <MDL 1.2 0.27 0.40 <MDL <MDL <MDL 1.5 0.20 0.51 
 Banana 2 <MDL <MDL 2.0 0.21 0.18 0.13 <MDL <MDL 1.6 0.19 0.78 
 Banana 3 <MDL <MDL 0.072 <MDL <MDL <MDL <MDL <MDL 0.0035 <MDL <MDL 
 Mandarin 1 <MDL <MDL 0.42 0.044 0.15 0.17 <MDL <MDL 0.30 <MDL 0.58 
 Mandarin 2 <MDL <MDL 0.35 0.15 0.052 0.025 <MDL <MDL <MDL <MDL 0.52 
 Mandarin 3 <MDL <MDL <MDL 0.45 0.069 0.28 <MDL <MDL 0.38 <MDL 0.081 
 Orange 1 <MDL <MDL <MDL <MDL 0.043 0.040 <MDL <MDL 0.0031 <MDL 0.18 
 Orange 2 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Orange 3 <MDL <MDL 0.52 <MDL 0.058 0.23 <MDL <MDL 0.13 <MDL 0.38 
 Strawberry 1 <MDL <MDL <MDL <MDL 0.18 <MDL <MDL <MDL 0.065 <MDL 0.60 
 Strawberry 2 <MDL <MDL <MDL <MDL 0.23 <MDL <MDL <MDL 0.18 <MDL 0.85 
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Food group Item Supermarket ID BCEP BCIPP BCIPHIPP BDCIPP DBP BBOEP BBOEHEP OH-TBOEP BEHP DMPP DPhP 
 Strawberry 3 <MDL <MDL <MDL <MDL 0.29 <MDL <MDL <MDL 0.18 <MDL 2.1 
Vegetable Carrot 1 <MDL <MDL 0.18 <MDL 2.2 2.2 <MDL 0.25 2.6 0.81 14 
 Carrot 2 <MDL <MDL 0.22 1.0 1.9 2.3 <MDL 0.13 1.1 0.77 53 
 Carrot 3 <MDL <MDL 0.29 <MDL 3.0 3.9 <MDL 0.53 2.8 2.5 30 
 Potato 1 <MDL <MDL 0.54 <MDL 0.21 0.41 <MDL <MDL 0.29 0.14 2.0 
 Potato 2 <MDL <MDL 0.24 <MDL 0.28 0.26 <MDL <MDL 0.42 0.19 2.6 
 Potato 3 <MDL <MDL 0.51 <MDL 0.35 0.65 <MDL 0.093 0.83 0.26 4.4 
 Broccoli 1 <MDL <MDL <MDL 0.47 0.65 1.1 <MDL <MDL 0.27 <MDL 6.8 
 Broccoli 2 <MDL <MDL <MDL <MDL 0.65 1.6 <MDL <MDL 0.18 <MDL 3.3 
 Broccoli 3 <MDL <MDL <MDL <MDL 0.93 0.30 <MDL <MDL 0.67 <MDL 2.5 
 Onion 1 <MDL <MDL 1.4 <MDL 2.9 <MDL <MDL <MDL <MDL <MDL 9.0 
 Onion 2 <MDL <MDL 3.4 <MDL 1.6 <MDL <MDL <MDL <MDL <MDL 3.8 
 Onion 3 <MDL <MDL 7.7 <MDL 0.65 <MDL <MDL 0.66 0.97 <MDL 2.6 
 Tomato 1 <MDL <MDL <MDL <MDL 1.4 1.2 <MDL 0.15 1.6 0.78 10 
 Tomato 2 <MDL <MDL <MDL <MDL 2.9 4.9 <MDL 0.24 3.2 1.2 13 
 Tomato 3 <MDL <MDL 0.43 0.52 4.2 8.1 <MDL 0.38 5.2 1.8 26 
Dairy products Milk 1 <MDL <MDL 0.22 <MDL 0.025 <MDL <MDL 0.11 0.048 0.059 0.10 
 Milk 2 <MDL <MDL 0.048 <MDL 0.071 <MDL 0.42 <MDL 0.051 <MDL 0.55 
 Milk 3 <MDL <MDL <MDL <MDL 0.035 <MDL <MDL <MDL 0.18 <MDL 0.15 
 Cheese 1 10. <MDL 0.13 <MDL 0.22 <MDL 1.1 0.38 0.23 <MDL 0.86 
 Cheese 2 0.24 <MDL 0.065 <MDL 0.19 <MDL <MDL 0.20 0.17 <MDL 0.67 
 Cheese 3 2.4 <MDL 0.20 <MDL 0.18 0.076 <MDL 0.51 0.54 0.16 13 
 Yoghurt 1 <MDL <MDL 0.18 <MDL 0.53 <MDL <MDL 0.18 <MDL <MDL 2.2 
 Yoghurt 2 <MDL <MDL <MDL <MDL 0.51 <MDL <MDL <MDL <MDL <MDL 1.7 
 Yoghurt 3 <MDL <MDL <MDL <MDL 0.52 <MDL <MDL <MDL <MDL <MDL 1.9 
Meat Beef 1 <MDL <MDL <MDL <MDL 0.051 <MDL <MDL <MDL <MDL <MDL 0.11 
 Beef 2 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 0.061 <MDL 0.054 
 Beef 3 <MDL <MDL <MDL <MDL 0.025 <MDL <MDL <MDL 0.024 <MDL 0.13 
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 Lamb 1 <MDL <MDL <MDL <MDL 0.031 <MDL <MDL <MDL <MDL <MDL 0.18 
 Lamb 2 <MDL <MDL 0.069 <MDL 0.080 <MDL <MDL 0.11 <MDL <MDL 0.33 
 Lamb 3 <MDL <MDL <MDL <MDL 0.023 <MDL <MDL <MDL <MDL <MDL 0.11 
 Pork 1 <MDL <MDL <MDL <MDL 0.041 <MDL <MDL <MDL 0.12 <MDL 0.14 
 Pork 2 <MDL <MDL <MDL <MDL 0.041 <MDL <MDL <MDL <MDL <MDL <MDL 
 Pork 3 <MDL <MDL 0.11 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Chicken 1 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Chicken 2 <MDL <MDL 0.20 <MDL 0.050 <MDL <MDL <MDL <MDL <MDL 0.30 
 Chicken 3 <MDL <MDL <MDL <MDL 0.033 <MDL <MDL <MDL 0.038 <MDL 0.19 
Fish and seafood Prawn 1 <MDL <MDL 0.42 <MDL 0.12 <MDL <MDL 0.091 0.13 2.8 0.46 
 Prawn 2 <MDL <MDL 0.41 <MDL 0.28 <MDL <MDL 0.12 0.35 3.6 0.24 
 Prawn 3 <MDL <MDL 0.39 <MDL 0.38 0.23 <MDL 0.16 0.41 8.6 2.8 
 Oyster 1 <MDL <MDL 0.27 <MDL 0.87 0.41 <MDL <MDL 0.23 0.34 3.2 
 Oyster 2 <MDL <MDL 0.18 <MDL 0.55 0.63 <MDL 0.10 0.44 0.29 3.7 
 Oyster 3 <MDL <MDL 0.26 <MDL 1.3 <MDL <MDL <MDL <MDL 0.59 6.7 
 Salmon 1 <MDL <MDL 0.055 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Salmon 2 <MDL <MDL 0.076 <MDL 0.035 <MDL <MDL 0.083 <MDL <MDL 0.44 
 Salmon 3 <MDL <MDL <MDL <MDL 0.048 <MDL <MDL <MDL <MDL <MDL <MDL 
Egg Egg 1 <MDL <MDL 0.16 <MDL 0.56 0.50 <MDL <MDL 0.61 0.24 2.8 
 Egg 2 <MDL <MDL 0.037 6.1 0.76 1.2 <MDL <MDL 0.90 0.25 3.5 
 Egg 3 <MDL <MDL 0.21 2.0 2.6 1.7 <MDL 0.082 3.4 0.45 5.3 
Beverages Beer 1 <MDL <MDL <MDL <MDL 0.074 <MDL <MDL <MDL <MDL <MDL 0.18 
 Beer 2 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 0.071 
 Beer 3 <MDL <MDL <MDL <MDL 0.039 <MDL <MDL <MDL <MDL <MDL 0.14 
 Coffee 1 <MDL <MDL <MDL <MDL 0.042 <MDL <MDL <MDL <MDL <MDL 0.13 
 Juice 1 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Juice 2 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
 Juice 3 <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL <MDL 
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Food group Item Supermarket ID BCEP BCIPP BCIPHIPP BDCIPP DBP BBOEP BBOEHEP OH-TBOEP BEHP DMPP DPhP 
 Tea 1 <MDL <MDL 0.93 <MDL 0.56 <MDL <MDL 0.32 1.55 <MDL 1.9 
 Tea 2 <MDL <MDL <MDL <MDL 0.96 <MDL <MDL <MDL 1.9 <MDL 5.2 
 Tea 3 <MDL <MDL <MDL <MDL <MDL 0.060 <MDL <MDL 0.013 <MDL 0.033 
 Tap water 1 <MDL <MDL <MDL <MDL <MDL 0.032 <MDL <MDL 0.017 <MDL <MDL 
 Tap water 2 <MDL <MDL <MDL <MDL <MDL 0.053 <MDL <MDL 0.011 <MDL <MDL 
 Tap water 3 <MDL <MDL <MDL <MDL 0.028 0.037 <MDL <MDL 0.11 <MDL 0.072 
 Tap water 4 <MDL <MDL <MDL <MDL <MDL 0.026 <MDL <MDL <MDL <MDL <MDL 
 Tap water 5 0.26 <MDL <MDL <MDL 0.029 0.033 <MDL <MDL 0.088 <MDL <MDL 
 
 
 
 198 
 
Table S5.6. Average RSD in duplicate samples, within items, within food group, and within supermarket. Only 
data considered where compound was detected in > 50%.  Data below MDL not included in estimation. 
 Replicates of a given 
item a 
Same item among 
supermarkets b 
Among items within a 
given food group c 
Among all items within 
a supermarket d 
  OPEs 
TCEP 13 57 98 167 
TCIPP 23 42 76 94 
TDCPP n.a. 26 58 120 
TBP 16 51 118 151 
TBOEP 24 42 91 151 
TEHP n.a. n.a. n.a. n.a. 
TMPP n.a. n.a. n.a. n.a. 
TPhP n.a. 52 116 279 
EHDPP n.a. n.a. n.a. n.a. 
mOPEs 
BCEP n.a. n.a. n.a. n.a. 
BCIPP n.a. n.a. n.a. n.a. 
BCIPHIPP 28 62 143 203 
BDCIPP 24 37 81 268 
DBP 17 53 104 137 
DMPP 13 32 110 243 
DPhP 12 69 121 175 
BBOEP 19 50 119 199 
BBOEHEP n.a. n.a. n.a. n.a. 
OH-TBOEP n.a. 47 118 172 
BEHP 24 70 138 153 
Average 18 49 106 179 
a: average RSD in duplicate analysis of same item (n = 10),  
b: average RSD between average concentrations of the same items purchased in different supermarkets;  
c: average RSD between averages of items within a group irrespectively of the supermarket; 
d: average RSD between all items that purchased in a given supermarket.   
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Table S5.7 Mean daily intakes (g/day) of various food groups for Australian population (aged 19 years and 
over). Data were obtained from Australian Dietary Guidelines. 
Food group Daily consumption for male Daily consumption for female Average daily consumption 
Cereal 404 280 342 
Fruit 141 145 143 
Vegetable 283 235 259 
Meat 200 116 158 
Milk 325 258 289 
Fish and seafood 29 23 26 
Egg 16 11 13.5 
Alcoholic Beverages 410 102.2 256.2 
Non-Alcoholic Beverages 2052.3 1916.7 1984.5 
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Table S5.8. Daily excretion and intake of mOPEs in Australian adults. 
mOPEs IntakeD (ng/day) 
a IntakeT (ng/day) 
b IntakeM (ng/day) 
c EXCM (ng/day) 
d 
BCIPHIPP 920 1000 1900 1700 
BDCIPP 860 44 900 330 
DPhP 4700 10 4700 19000 
a: IntakeD is the direct intake of mOPEs via diet (ng/day), 
b: IntakeT is the daily intake of mOPEs from the transformation of their related parent chemicals (ng/day), 
c: IntakeM is the daily intake of mOPEs (ng/day). IntakeM = IntakeD + IntakeT × TR, where TR is the transformation 
rate of mOPEs from their specific parent chemicals (%), obtained from In vitro studies (Van den Eede et al 2015, 
2016). 
d: EXCM is the excretion amount of mOPEs (ng/day). EXCM = CU × V × ER, where, CU is the concentrations of 
mOPEs in urine, V is the daily urine volume (1000 mL/day) (Taylor et al. 2006), and ER is the excretion rate (100 
%). 
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